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REMARKS ON ACCEPTANCE OF THE PROCTOR MEDAL AWARD 


June, 1955 


Georce Px.D. 


Having had the opportunity elsewhere in 
these Proceedings to discuss the work of our 
laboratory, nothing remains but to express 
my deep appreciation for the Proctor Award. 


I have spent 28 years 
with the eye and vi- 
sion, having been in- 
troduced to both as a 
graduate student by 
Selig Hecht. Hecht 
was a great teacher 
and physiologist. 
Also he was one of 
those rare persons 
who sets a standard, 
both at work and at 
leisure. I was fortu- 
nate in having his in- 
struction, and later 
his friendship. I saw 
all too little of him 
after leaving his lab- 
oratory but | felt his 
presence always. What I did or said or 
wrote was in a sense always addressed to 
him; and having become used to this while 
he lived, it didn’t change very much after- 
ward. I should like to think that in awarding 
the Proctor Medal to me, you honor his 
memory also; and wish with all my heart 


that his untimely death had not deprived 
you of the opportunity to honor him in per- 


I should 


like to accept the Proctor 
Award also in part 


on behalf of my 


young associates, 
Since the end of 
the war ae small 


group of us has 
worked closely to- 
gether: Ruth Hub- 
bard, Paul K. Brown, 
and more recently 
Patricia Smith, 
Other workers have 
made notable contri- 
butions, but these as- 
sociates have formed 
the nucleus of the 
laboratory, and most 
of our work has 
come from them. 

(At this point Professor Wald, by request, 
spoke on the origin of life. He has not sub- 
mitted his remarks for publication here, 
but they followed substantially his article 
on this subject which was published in 
the August, 1954, issue of the Scientific 
American. ) 


Georce PH.D. 
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BIOGRAPHICAL NOTES 


Georce Warp, Pa.D. 


George Wald was born in New York City 
on November 18, 1906, and was educated in 
the New York public schools. He received 
his Bachelor of Science degree from New 
York University in 1927, majoring in zo- 
ology. He then undertook graduate work at 
Columbia University and received the Ph.D. 
in 1932, During his graduate period he was a 
student and research assistant of Prof. Selig 
Hecht, an association which was most fruit- 
ful personally and professionally. His re- 
search during these years dealt with prob- 
lems of visual physiology and his thesis 
analyzed the visual acuity and brightness dis- 
crimination of the fruitfly, Drosophila mela- 
nogaster. As a student he had a keen inter- 
est in the physical sciences, particularly 
physical chemistry, but he also felt the need 
to explore the integrated functioning of 
organisms, a dual approach to biologic prob- 
lems which has been implicit in his work 
ever since, 

From 1932 to 1934, Wald was a National 
Research Council Fellow in Biology. The 
first year, he spent abroad in the laboratories 
of Prof. Otto Warburg, Prof. Paul Karrer, 
and Prof, Otto Meyerhof ; the second at the 
Department of Physiology of the University 
of Chicago. While in Professor Warburg's 
laboratory in Berlin-Dahlem, Wald first 
found vitamin A in the retina, Vitamin A 
had just been isolated in the laboratory of 
Professor Karrer in Ziirich and Wald went 
there to complete the identification of retinal 
vitamin A, This marks the beginning of his 
analysis of the biochemistry and physiology 
of vision in terms of the metabolism of the 
visual pigments and the vitamins A—the 
work for which he is best known. 

Dr. Wald came to Harvard in 1934 as 
tutor in Biochemical Sciences and has been 
there ever since: as Instructor and Tutor 
in Biology (1935-39), Faculty Instructor 
(1939-44), Associate Professor (1944-48), 
and Professor of Biology (1948- ). He 


was elected to the National Academy of Sci- 
ences in 1950, and is a Fellow also of the 
American Academy of Arts and Sciences. He 
is Chairman (1954-55) of the Divisional 
Committee on Biology and Medical Sciences 
of the National Science Foundation, and a 
trustee of the Marine Biological Laboratory 
in Woods Hole. He is a member of the 
American Society of Biological Chemists, 
the American Physiological Society, the 
Optical Society of America, the Association 
for Research in Ophthalmology, Sigma Xi, 
the Society of General Physiologists, and 
the American Association for the Advance- 
ment of Science. 

In 1939, Dr. Wald received the Eli Lilly 
Award of the American Chemical Society 
for “fundamental research in biochemistry,” 
and in 1953 he was given the Lasker Award 
of the American Public Health Association 
“in recognition of his outstanding discoveries 
in biochemistry with special reference to the 
changes associated with vision and the func- 
tion of vitamin A.” In 1952, he was a na- 
tional Sigma Xi lecturer. 

Dr. Wald’s research has been concerned 
primarily with the biochemistry of vision. 
After finding vitamin A in the retina, he 
discovered a new carotenoid, retinene (later 
identified by Morton as vitamin A aldehyde), 
and proceeded with a systematic elucidation 
of the role of retinene and vitamin A in the 
synthesis and bleaching of the visual pig- 
ments, 

Boll (1876) had discovered the first 
visual pigment, rhodopsin, and Kihne 
(1878) had hinted at the existence of por- 
phyropsin. Wald and his group have ex- 
tensively studied both of these rod pigments 
and have also identified and characterized 
two cone pigments—-iodopsin and cyanopsin. 
They have succeeded in synthesizing all four 
from their components—carotenoid and pro- 
tein—and have shown an underlying simi- 
larity in their structure and behavior. Re- 
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cently, with Paul Brown, Wald set up a 
model for the manner in which the bleach- 
ing of a visual pigment might elicit a nerv- 
ous impulse. 

The isolation of vitamin A from retinas 
brought with it the identification of a new 
vitamin A, vitamin A, and of retinene,, This 
opened up another realm of Professor Wald’s 
research activities : biochemical evolution. He 
has explored the distribution of the vitamins 
A, and A, in the animal kingdom and shown 
a transition from A, to A, as vertebrates left 
fresh water either for the dry land or the 
ocean, With Dr. Riggs and others, he has 
also explored the evolution of the hemo- 
globins and other respiratory pigments. He 
has discussed these and other molecular 
changes in several lucid essays on biochemi- 
cal evolution. More recently he has also been 
interested in the origin of complex organic 
molecules and of organisms. 

His research in vision, apart from its 


chemical aspects, has dealt with dark adap- 
tation and night blindness, spectral sensitiv- 
ity functions, the chromatic aberration of 
the human lens, and the contributions of 
physiologic filtering mechanisms by lens and 
macular pigmentation to vision. With Dr. 
Auerbach he has recently started an analysis 
of human color receptors. He has also begun 
to develop a theory of the visual threshold 
which will account for the large changes in 
visual threshold which accompany relatively 
small changes in the concentration of visual 
pigment. 

Apart from the breadth and high quality 
of his research, Wald’s chief scientific con- 
tribution has been as lecturer and teacher 
both in his special field and on broader topics 
of current biological thinking. He has never 
been satisfied with the mere discovery of 
new facts, but has always insisted on ex- 
ploring the framework which gives them 
more general meaning, 
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A NEW INTERPRETATION OF THE FUNDUS REFLEXES 


Artuur J. M.D. 
Albany, New Y ork 


For many years we have taught that the 
bright reflections coming from the fundus 
are, in the majority of cases, reflexes from 
the posterior surface of the vitreous and not 
from the retina. Reflex as here used is not 
in the physiologic sense of an involuntary 
motion, but as the technical, descriptive of 
reflected light. 

Any trained ophthalmoscopist can by 
means of stereo-ophthalmoscopic investiga- 
tion or stereophotographs confirm the state- 
ments that are made here, Some may say that 
the photographs are not true scientific stereo- 
scopic reproductions, we remind them that 
much of stereopsis is from brain stimulation 
and less from actual depth portrayal. 

The nonpathologic fundus reflexes, more 
common and large in the young, depend upon 
the source and intensity of the ophthalmo- 
scopic light, the angle of incidence by which 
viewed, the size of the pupil, the refractive 
error and color of the background, and the 
age of the patient. The reflex will move or 
fade from view when the position of either 
the patient’s eye or the examiner is changed. 
Incidentally black and white photographs are 
often better than the colored for this type 
of study. 

A few photographs are presented to focus 
attention on the source of the reflexes and 
stress the value of accurate localization as 
a means of more exact diagnoses between 
physical phenomena and pathologic altera- 
tions. 

For more than 60 years authors have con- 
tinued the expression “retinal reflex,” al- 
though some of the keen observers on oc- 
casion have referred to that reflex as not 
coming from the retina or blood vessels. 

Haab wrote: “It is true that in dark eye- 
grounds, especially in young individuals, a 
small, bright sickle or ring is seen, due to 
the reflection of the light at the bottom of 
the fovea centralis, and although this re- 


flex is a little in front of the retina the dif- 
ference is so slight that it need not be con- 
sidered in calculating the refraction.” 

From the same author we find in another 
place: “Occasionally we see an additional 
somewhat larger luminous ring concentric 
with the fovea reflex.” 

Dimmer decided that “the macular re- 
flex is produced by the concave cylindrical 
or sphero concave surfaces found on the 
inner surface of the retina.” He also stated, 
that “the bright stripe along the center of 
the vessel is due in case of the arteries to 
the reflection of the light by the blood cor- 
puscles in the axial stream and in the case 
of the veins to a similar reflection by the 
anterior surface of the blood column.’”’ Those 
who are interested will refer to the article 
by Wilmer and the discussion which fol- 
lowed his presentation. 

The preretinal reflexes may be conven- 
iently segregated into those anterior to the 
fovea, in front of the macula, following the 
course of the temporal vessels, less often 
the nasal ones, and least frequently over the 
dise itself. Occasionally they appear as 
minute, pinpoint, sparkling specks. 

By studying normal fundi it is compara- 
tively easy to prove that the bright or smoky 
dot, small arc, or smudge which overlies the 
fovea is anterior to the retina. Convincing 
proof that it is not foveal is found in a 
circumscribed hemorrhage over the macular 
region where the distinctive spot is present 
although the fovea is hidden beneath the 
blood. 

The perimacular reflex may be an iso- 
lated, sharp line overlying the margin of the 
dark macular region or a band or a broad 
encircling ribbon and may have an uneven 
surface. It may look like a cloud extending 
beyond the temporal or nasal margin of the 
macular zone, a single arc, or one above and 
another below with an infinite variety of 
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Fig. 1 (Bedell). The fundus of an 18-year-old boy with traumatic optic atrophy. An excellent example of 
widely dispersed, sharply delineated reflexes from the vitreous. (Stereophotographs. ) 


sizes and densities widely disseminated. A 
common distribution is in front of the tem- 
poral vessels. This may be limited to either 
the upper or the lower branches or cover 
both. Similar reflections on the nasal side 
are neither from the vessels nor the retina 
and are only seen over the designated re- 
gions. Occasionally there are a great num- 
ber of gray flecks not limited to the peri- 
macular or prefoveal situations. All of these 
reflexes originate on the posterior surface 
of the vitreous, sometimes a considerable 
distance in front of the retina although they 
may be close to the retinal plane. The exact 
distance cannot be measured except stereo- 
scopically and for that reason photographs 
supply sufficient data from which to draw 
conclusions. 

The true retinal reflections come from the 
differences in physiologic level, increased 
visibility or anomalous changes such as con- 
genital defects, or from pathologic altera- 
tions in the fundus. 

About the macular region and sometimes 
so thin that they may be mistaken for re- 


flexes are the very delicate, thin veils, skeins, 
or nets which are found in hypertensives, 
some nephritics, occasionally in diabetics, 
and not rarely after thrombosis of the cen- 
tral retinal vein. They may be silvery, gray, 
or even yellow and careful inspection proves 
that they are not displaced when viewed at 
different angles and that therefore the char- 
acteristic dispersion of the preretinal reflex 
is absent. It is rarely difficult to distinguish 
between the translucent reflexes and epi- 
papillary membranes; those vestiges of 
embryologic life which are always attached 
to the nasal side of the center of the disc. 
Very small drusen may look like veils. 

The differential diagnosis between partial 
stellate figures in the macula and reflexes 
from that region seldom, if ever leads to 
uncertainty or calls for discussion, for the 
dots which make up the spokes are usually 
distinctly discrete. 

Retinal edema may be mistaken for a 
reflex, particularly when close to the dise. 
Edema as in traumatic retino-angiopathy 
may delude the careless observer into con- 


Fig. 2 (Bedell). The left eye of a 32-year-old woman, with a —3.0D. sph. = —O5D. cyl. ax. 180° = 


20/20+-. The soft gray reflex between the macula and the disc comes from the posterior vitreous layer. 


The one over the fovea is anterior to the fovea and from the same layer. (Stereophotographs.) 
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‘Fig. 3 (Bedell). Stereophotographs of a 20-year-old woman. Central vision of 4/200, optic atrophy, and 
diffuse circummacular reflexes from the posterior layer of the vitreous simulating in appearance retinal 


exudates. 


sidering the clouds as reflexes similar to 
those that come from exudates. 

The reflexes from the blood vessels offer 
some interesting suggestions for debate. 
Those on the surface of a retinal vein may 
be small, isolated, lustrous dots, spots, ob- 
longs, or long, narrow stripes, which in- 
variably shift when the vessel pulsates. It 
is well known that retinal artery pulsation 
is rare, so that if the veins and arteries are 
of approximately the same size and color 
as im some cases of polycythemia the vacil- 
lating lights usually come from the veins. 
‘In considering the reflexes near or on the 
veins and arteries special attention is drawn 
to the paralleling bright lines which do not 
arise on the vessel walls but are separated 
from them, These are most easily seen in 
cases of terminal central retinal artery em- 
bolism as streaks. 

Care must be taken to recognize direct 
illumination in contrast to the preretinal and 
retinal reflexes. The mere mention of the 
universally appreciated changes in the artery 


alluded to as copper wire, silver wire, and 
atherosclerosis is sufficient to attract atten- 
tion to the lighting of the fundus opposed 
to reflections from it. 

The luminous, arcuately distributed retinal 
fiber may at times suggest overlying pre- 
vascular reflexes for both follow the same 
general course. 

Reflections may come from plaques of 
cholesterin crystals with their iridescent 
sheen. 

The reflexes from retinitis proliferans 
strands are by their very location easily 
appreciated as is the glistening, convex top 
of central serous retinopathy. 

From these provocative suggestions it 
should be evident that the fundus reflexes 
have been too long neglected in the discrimi- 
nating differentiation of one from another 
and that they have not been subjected to 
critical analyses. The recognition of the 
preretinal reflexes from the retinal and both 
from the direct fundus illumination is a 
stimulating ophthalmoscopic exercise recom- 


Fig. 4 (Bedell). Stereophotographs of a 20-year-old woman. The reflexes are 


about but not over the tortuous vessels. 
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mended to all who wish to excel in the 
interpretation of the intraocular signs of the 
disease. 

344 State Street. 


DiscuSSION 


De. P. Ross McDonatp (Philadelphia, Pennsyl- 
vania): It has been said that keen observation 
maketh a good clinician. I am afraid I am a horri- 
ble clinician. I misunderstood the time of the 
meeting as two o'clock instead of one; hence, I 
was not here to discuss Dr. Bedell’s paper. | want 
to apologize to him and to the members of the 
association. 

I had occasion to read the paper, and | think 
Dr. Bedell has pointed out to us a most interesting 
phenomenon, which most of us see every day but 
pay little attention to. He believes (and, I think, 
quite rightly) that most of the reflexes we have 
called retinal reflexes or physiologic reflexes are 
due to the posterior cortical layer of the vitreous 
body. 

Those of you who have followed Schepen’s 
work know that, in the frozen sections of eye, he 


has been able to demonstrate very clearly that there 
iS a posterior cortical layer to the vitreous. 

This physiologic reflex is not a true retinal re- 
flex, but is a preretinal reflex. It is distinguished 
from the retinal reflexes by the fact that it is 
evanescent. It may disappear or change as one 
changes illumination in looking at the fundus, One 
may also get a retinal reflex when there is some 
difference in the surface of the retina, with physio- 
logic elevation or depression. 

Dr. Bedell rightly points out that many of the 
reflexes which we describe are not retinal reflexes 
or, if they are, they are from pathologic changes 
in the eye. He showed some beautiful pictures 
demonstrating these. One can have, of course, 
the reflex of the retinal vessels which occurs when 
one has cirrhosis. One can get some edema show 
ing strands of reflex around the raised area; and 
one can get that so-called succulent appearance 
around the posterior pools following some of the 
vascular accidents. 

| think Lr. Bedell has done us a service in point- 
ing out the etiology of the reflexes we see. Some 
of them are from the posterior choroidal area of 
the vitreous; and some of them are true reflexes 
They are not one and the same thing 
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WitrH SLITLAMP AND ALLEN-THORPE GONIOPRISM 


Harvey Tuorrr, M.D. 
Pittsburgh, Pennsylvania 


This paper deals with a simple method 
for visualizing the lens equator, ciliary body, 
zonule of Zinn, central and peripheral retina, 
while utilizing the advantages of true slit- 
lamp microscopy. 


BRIEF HISTORICAL REVIEW 


The first description of a clinical method 
for examination of the anterior chamber 
angle, the retinal periphery, and the inner 
surface of the ciliary body was reported by 
A. Trantas' in 1900, and again in 1907, and 
1918. He used the terms gonioscopy and 
cycloscopy in his later articles. His method 
is now well known. (It consists of making 
this region accessible to view by pressure 
on, or indentation of the ciliary region of 


* From the Montefiore Hospital. 


the eyeball, with a blunt instrument, or by 
pressure of the examiner’s finger transmitted 
through the eyelid. ) 

Koeppe*® in 1922 described the use of a 
flat corneal contact lens for slitlamp mi- 
croscopy of the deep vitreous and retina. 
Lindner® reported on a monocular offset 
microscope which he used with Koeppe’s flat 
contact lens for slitlamp examination of the 
deep vitreous. von Sallmann and Rieger* in 
1934 reported their observation of vitreous 
detachment in several cases of retinal sepa 
ration with the aid of the Koeppe lens and 
Lindner monocular microscope. In 1936, 
Thorpe’ modified Koeppe’s flat corneal con 
tact lens for deep vitreous and retinal bio 
microscopy by enlarging its outer surface 
from 8.0 to 14.7 mm. in diameter and mak- 
ing that surface convex (+5.0D.). This 
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avoided annoying reflections, and, because 
of its larger front surface, more of the fun- 
dus could be seen with the biomicroscope. 
Kronfeld found this to be helpful for pe- 
ripheral fundus studies in retinal detach- 
ment. Numerous modifications of the flat 
lens followed. In 1938, Goldmann* further 
improved this lens by putting a black hood 
on it. This protected the front surface of the 
lens against being smeared by lid blinking. 
This lens with the Haag-Street slitlamp em- 
ploying a reduction prism, removed the diffi- 
culties which had beset slitlamp examination 
of the fundus. 

Hruby’ further simplified the deep vitreous 
and fundus biomicroscopy in 1941, by em- 
ploying a —55.0D. preset lens with focal 
illumination of the slitlamp, In 1950, he pub- 
lished a comprehensive book on this subject. 
Lemoine and Valois had tried a similar 
strong minus preset lens for fundus study 
a quarter century earlier, but they employed 
diffuse illumination which gave little addi- 
tional information. In 1949, Goldmann® de- 
scribed a three-mirror contact lens for fun- 
dus examination. Braley and Allen’ in 1951 
reported a single flat surface contact prism 
and a separate flat surface contact lens for 
the respective slitlamp examination of the 
peripheral and central retinal areas. 

In 1953, Allen, Braley, and Thorpe’® re- 
ported at the A.M.A. section at its New 
York meeting the construction and use of a 
four-mirror gonioprism which was mounted 
in a simple acrylic speculum. This gonio- 
prism has simplified the technique of slit- 
lamp examination of the lens periphery, the 
suspensory ligament, and neighboring struc- 
tures as reported"’ to the East Central Sec- 
tion of this association in a paper read at 
its Pittsburgh meeting in January, 1954. This 
application of the gonioprism was particu- 
larly significant because the equatorial region 
of the lens could in most instances be studied 
through the normal pupil aperture, while one 
was performing a routine gonioscopy. There 
were some limitations to this method in ob- 
serving the horizontal meridian of the nasal 
and temporal angles, which were overcome 


by simply rotating the handle of the instru- 
ment through an arc of 40 to 50 degrees in 
the temporal direction. As |" have pre- 
viously reported, it was possible to broaden 
the scope of the internal eye examination by 
dilating the pupil to permit slitlamp ophthal- 
moscopy of the central and extreme periph- 
eral areas and, under special conditions, also 
the ciliary body. 

N. Trantas* in 1947 reported on bio- 
microscopy of the lens zonule in normal eyes 
and, in 1949, on slitlamp studies on ciliary 
body cysts in unoperated eyes. He used the 
Koeppe gonioscopic contact lens with maxi- 
mal pupil dilatation produced by atropine 
and subconjunctival injection of adrenalin 
for study of the posterior chamber through 
the iridophakic cleft. Scheie’® in 1954 re- 
ported in an excellent article on gonioscopic 
observation of iris cysts and tumors in the 
posterior chamber by a similar technique. 
Reese’ and Dunnington™ (quoted by Reese) 
have noted cysts of the ciliary body and 
processes on clinical and histologic examina- 
tion. Goldmann* and Francois™ have studied 
the ciliary body and the peripheral retina with 
the Koeppe or Goldmann contact lens. Ex- 
perience with the four-sided Allen-Thorpe 
gonioprism has shown it to be much simpler 
in operation in the routine performance of 
clinical slitlamp examination of lens pe- 
riphery, ciliary body, and retina than either 
of the above methods. 


TECHNIQUE 


The routine technique for gonioscopy is 
employed. The eyes are anesthetized by the 
instillation of two drops of Tetracaine (0.5 
percent). The patient is seated at the slit- 
lamp. The gonioprism with a drop of one- 
percent methy! cellulose in the corneal face is 
inserted between the eyelids. (I employ 
either Goldmann-Haag Streit model or the 
Zeiss-Opton slitlamp because their joy-stick 
principle and universal elevating mechanism 
permits easy operation of the instrument 
with one hand while the other hand supports 
the gonioprism.) The smallest angle possible 
illuminating beam and microscope axis also 
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makes the newer instruments—including the 
Aimark slitlamp—preferable to the prewar 
instruments. 


TOPOGRAPHY 


The normal structures to be identifed 
from anterior to posterior with maximally 
dilated pupil reflected in the respective gonio- 
prism mirror are: 

1. Concave corneal dome 
2. Corneoscleral transition zone and cor- 
neal wedge ( Busacca) 
3. Annular line of Schwalbe 
4. Trabeculum and region of Schlemm’s 
canal 
. Scleral spur 
. Anterior chamber portion of ciliary 
body 
. Peripheral iris processes 
. Iris 
9. Pupil border 
10. Posterior 
phakic cleft 
a. Abnormal protuberance, cysts, tu- 
mors, foreign bodies on posterior 
iris surface which encroach on the 
posterior chamber 
b. Ciliary processes 
c. Anterior  interciliary 
zonula 
11. Anterior lens capsule 
12. Lens equator 
13. Triangular perilental space (Han- 
over’s canal) with occasional zonular 
hibers 
14. Posterior leaf of zonular megnbrane 
with incorporated lens fibers 
15. Wieger’s hyaloideocapsular ligament 
16. Pars plana or orbiculus ciliaris 
17. Perilenticular anterior hyaloid 
Insertion of posterior zonular fibers 
into hyaloid 
18. Vitreous base (seen only with com- 
plete iridectomy in intracapsular lens 
extractions ) 
19. Ora serrata (seen with difficulty in 
noniridectomized eves ) 
20. Peripheral retina 
21. Posterior hyaloid if detached 


au 


chamber through  irido- 


fibers of 


Through the central corneal contact por- 
tion of the gonioprism one can readily ob- 
serve the posterior hyaloid with the wider 
angle between beam and microscope and the 
macular and perimacular retina in optical 
section or by other methods of slitlamp il- 
lumination. 


POSTERIOR CHAMBER 


The posterior chamber can only be seen 
with the maximally dilated pupil (eight mm. 
or greater). In the normal eye with an axial 
chamber depth of two to three mm., a visible 
cleft then appears between the posterior 
pupil border and the lens capsule. The irido- 
phakic cleft permits a view of the posterior 
chamber contents as they are reflected in 
each of the mirrors of the gonioprism, The 
examination is made with the patient sitting 
at the slitlamp. Diffuse and focal illumina- 
tion are employed. Retroillumination is also 
tried, but rarely gives definitive information. 

In the unoperated eye one may note pro- 
tuberances of the iris into this space such 
as tumors, cysts, or foreign bodies, A vitre- 
ous hernia may be recognized. Changes may 
be observed in the ciliary processes with the 
scanning beam one may see individual zonu- 
lar fibers as they traverse the valleys between 
the ciliary processes. 


Case | 


Mrs. J. A., aged 58 years, had been seen 
in March, 1954, with early cupuliform lens 
opacities in the right eye. In January, 1955, 
she returned with partial posterior displace- 
ment of a now advanced cataract in that eye 
with some iris bulge in the inferotemporal 
quadrant. Examination with the gonioprism 
of the retro-iridic area revealed a lobular 
nontransilluminating darkly pigmented mass. 
Histologic examination proved this to be a 
cyst. Biomicroscopic examination gave valu 
able descriptive information, but failed to 
make a definitive diagnosis. 


Case 2 


R. S., aged 41 years, a man, was seen on 
October 22, 1954. He suffered an injury of 
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the right eye when striking a chisel with a 
hammer. There was a small limbal perfora- 
tion at the 7-o'clock position. X-ray exami- 
nation by Vogt’s soft-tissue technique re- 
vealed a small foreign body. Examination 
of the posterior chamber with the gonio- 
prism revealed a small splinter wedged 
between two ciliary processes at about the 
7-o'clock position. The Berman locator test 
was positive. The steel splinter was brought 
into the anterior chamber with the giant 
magnet and then removed through a corneal 
incision with a small hand magnet. The 
splinter measured 1.0 by 0.5 by 0.3 mm. 
Final vision was 20/30, O.D. 


LENS PERIPHERY, ZONULA, AND 
HANOVER’S CANAL 


The lens equator and suspensory ligament 
are ordinarily accessible to observation only 
through an iris coloboma, in aniridia, and in 
subluxatio lentis. With the gonioprism one 
can observe them with the naked eye, the 
loupe, or the biomicroscope. The sharp nar- 
row focal beam, retroillumination, specular 
reflection, and transitional illumination are 
employed for the examination of the lens 
periphery, Observation and illumination are 
by way of the gonioprism mirror surfaces. 

While performing routine gonioscopy in 
eyes with undilated pupils and the gonio- 
prism in normal position the upper and 
lower lens equatorial region, the site of 
Wieger’s hyaloideocapsular ligament, the 
circumlental space, identified as Hanover’s 
canal, and the posterior leaf of the zonule 
can be observed biomicroscopically in a pa- 
tient whose anterior chamber is between one 
and two mm. in axial depth. The pupil diam- 
eter need not be larger than three to four mm. 
It is thus possible to examine eyes in which 
mydriasis is contraindicated, 

Pupil dilatation becomes necessary as a 
rule for equatorial lens study in cases with 
an axial anterior chamber depth excceding 
three mm. 

The lens phantom appears sharply flat- 
tened posteriorly when viewed in focal light 


in the reflecting surface of the gionioprism. 
This is due to the high index of refraction 
of the lens nucleus periphery which blurs 
the focus of the focal beam and sharply re- 
fracts the light beam which passes quite 
obliquely through it. 

Normally, Wieger’s ligament can be seen 
by focal illumination or in specular reflection 
about 1.5 to 2.0 mm. within the equator 
circle at the posterior capsule. It appears 
as an undulating somewhat flattened circular 
band about 0.3 mm. wide under 20 magni- 
fication. Groups of zonular fibers in two or 
three can be seen to lie in the posterior 
zonular membrane as it approaches its inser- 
tion into the posterior capsule. 

A case of eyeball concussion had a small 
hyphema. Posteriorly the blood was de- 
limited from passing up into Berger's space 
behind the lens at the site of Wieger’s lig- 
ament. 

I have observed formed elements (evi- 
dently white blood cells) in the anterior vit- 
reous just posterior to this zonular leaf in 
cases of uveitis and mild cyclitis. Only on 
rare occasions are they visible in Hanover’s 
canal, This may account for the infrequency 
of complicated cataract in most cases of 
uveitis. Hanover’s canal can be visualized in 
the upper and lower quadrants only as a 
rule with the vertical beam. With the hori- 
zontal beam in the Zeiss-Opton instrument 
it has been seen with difficulty with the gonio- 
prism at an angle of about 30 degrees. Early 
peripheral lens opacities in form of dots and 
spokes can be seen near the equator. 

A zonular separation was seen as such. 
One could see a vitreous hernia into the 
posterior chamber and through the irido- 
phakic cleft. To repeat, the above structures 
are visualized only by reflection in the gonio- 
scopic mirror. 


PERIPHERAL OPHTHALMOSCOPY AND 
POSTERIOR CYCLOSCOPY 
(orbiculus ciliaris ) 


Focal, proximal, and retroillumination are 
the methods employed in the slitlamp exami- 
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nation. Peripheral ophthalmoscopy with 
gonioprism and biomicroscope can be per- 
formed in a limited way only with the un- 
dilated pupil. Maximum mydriasis ts ad- 
visable. Visualization for peripheral areas 
is necessarily by reflection in one of the 
gonioscopic mirror faces. 

The extent of the retinal periphery which 
can be visualized in a patient without iridec- 
tomy and lens in situ possessing clear media, 
varies to some extent inversely with the axial 
chamber depth. The peripheral lens region, 
particularly the edge of the highly refractile 
lens nucleus, may blur the image. However, 
in the large majority of cases, it is possible 
to do adequate slit ophthalmoscopy and deep 
vitreous examination. Retinal tears may be 
visualized in the reflecting goniosurface. The 
vitreous bands responsible for dragging on 
the retina may also be seen. This is especially 
true at the present time for nearly two thirds 
of the upper hemisphere and also for the 
same fraction of the lower periphery. This 
is accomplished by doing part of the exami- 
nation with the prism handle vertical, utiliz- 
ing the upper and lower mirrors. The instru- 
ment handle then is swung laterally 45 de- 
grees and one carries on the examination in 
two adjacent pairs of mirrors in sequence 
until the circumference is examined, The 
mirror surface reflects the zone between the 
equator and ciliary processes. This can be 
enhanced by elevating and depressing the 
gonioprism handle. The lens periphery and 
deep chamber usually block out the region 
of the ora serrata. It is likely that the addi- 
tion of an offset horizontal beam to our 
equipment might improve the scope of visual- 
ization. 

The aphakic eye with dilatable pupil and 
particularly with complete iridectomy per- 
mits an excellent view from the chamber 
angle to the equator in the region of the 
iridectomy. One can study most of the de- 
tails of the zonular membrane and satisfy 
himself that he is actually dealing with such 
a structure. This membrane is readily visible 
in 9O percent of iridectomized eyes in the 


sector of iris excision. One can follow the 
slitlamp beam and optical section in the un- 
complicated case over the superficial grayish 
cell layer of the ciliary processes and identify 
the structures in the following order from 
anterior to posterior beginning with the 
scleral spur as seen in the lower gonmioprism 
mirror between the pillars of the iris colo- 
boma : 

1. Corpus ciliaris 

2. Remains of iris root 

3. Ciliary processes—club-shaped and 
wafer-shaped, and in some cases like 
a short cock’s comb arranged in co- 
rona form. (Sometimes, one observes 
small thickenings and, more rarely, 
cysts on the ciliary processes. ) 

4. Occasional remains of individual fi- 
bers arising in the valleys between 
processes 

5. Zonular membrane is one to two mm. 
wide, having two or three broken con- 
centric lines. The membrane ends in a 
ring composed of : 

6. Remains of a thickened, firm Wieger’s 
ligament. 

7. Vitreous face (anterior hyaloid) her- 
niating forward and indented by 
Wieger’s ligament (seen with focal 
beam). (One can then follow the vit- 
reous posteriorly along the pars plana 
of the ciliary body.) 

8. Occasional zonular fibers inserted into 
hyaloid two or more mm. posterior 
to its indentation.’ They may be seen 
by oscillating and transitional illumi- 
nation. 

9. The orbiculus ciliaris is light-brown in 
appearance and adjoins the dark- 
brown region near the dentate ora ser- 
rata. 


At this point, for a width of about 1.5 to 
2.0 mm. one can often visualize 


10. The base of the vitreous (just an- 
terior to the ora junction with the 
retina). In many cases the vitreous 


is collapsed. 
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11. The posterior hyaloid may hang down 
from the vitreous base or be re- 
flected back onto the retina and hang 
from there. 

12. The extreme anterior portion of the 
retina appears grossly without blood 
vessels. Near the ora it appears as a 
faint gray spawnlike surface for a 
width of a mm. ( X20 magnification ). 
This corresponds to the region of 
Blessig cysts seen histologically in the 
retinal periphery. 

13. The peripheral retina with thin ap- 
parently terminating blood vessels. 


Areas of chorioretinal change (pigmented 
or atrophic) may be seen in some eyes. In 
diabetic retinopathy a somewhat elevated 
pale moundlike ring running just back of 
and concentric with the ora was observed in 
a number of cases. 

The pathologic aberrations of minor and 
major complications of ocular surgery can 
be observed. In most of the above it is possi- 
ble to obtain a shallow or somewhat deeper 
optical section of the translucent tissues. 
Early or late detachment of the retina, the 
vitreous, retinal holes, and other pathologic 
conditions are readily studied, 


CENTRAL SLITLAMP OPHTHALMOSCOPY 


This is accomplished through the center 
of the gonioprism and done preferably 
through a dilated pupil. Focal, proximal, and 
retro-illumination are used. This method 
supplants the Hruby lens and gives a more 
brilliant picture. It corresponds to the flat 
contact lens method. An area about five or 
more disc diameters across can be observed. 
This to some extent depends on the diameter 
of the corneal contact surface and on the 
refraction. 

For study of the deep vitreous and vit- 
reous detachment a 15 to 20-degree angle 
is chosen between the axis on the slitlamp 
beam and that of the microscope. This pre- 
vents the light reflected from the portion of 
slit-illuminated retina from interfering with 


vitreous examination. A positive flare can 
often be seen in the posterior vitreous in the 
path of the slitlamp beam in uveitis and 
cyclitis. 

Cellular exudation can be observed; also, 
a conglomeration of groups of cells in the 
form of precipitates can be readily observed 
on the posterior hyaloid in granulomatous 
uveitis. 

Hemorrhages into the vitreous or between 
vitreous and retina or within the retina 
itself can readily be seen. 


OPTIC PAPILLA AND RETINA PROPER 


Focal and proximal illumination is em- 
ployed with the narrow beam. A narrow 
angle (five to 10 degrees) between illumi- 
nation and microscope axis is necessary so 
that binocular vision can be used for ob- 
servation. 

The superficial translucent tissues of the 
papilla can be examined in optical section 
and also by proximal illumination. 

The retina proper can be studied in opti- 
cal section, by proximal illumination and by 
transmitted light. This applies to the macu- 
lar and extramacular region. Cysts, holes, 
hemorrhages, microaneurysms, edema, in- 
filtrations, atrophy, detachment, and neo- 
plasms can be studied and differentiated. 


Case 3 


Mrs. H. R., aged 26 years, was recently 
seen in consultation. She gave a history of 
frequent recurrence of macular edema in the 
right eye. Routine ophthalmoscopy seemed 
to confirm the diagnosis. However, slitlamp 
ophthalmoscopy through the gonioprism 
showed circumscribed macular edema with 
flat detachment of the retina and irregular 
exudate on the outer retinal surface. Further 
examination with the gonioprism mirror sur- 
face revealed a retinal disinsertion in the 


temporal periphery. 
SUMMARY AND CONCLUSIONS 


The four-mirror Allen-Thorpe gonioprism 
permits ready examination of the anterior- 
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chamber angles, the lens periphery, the pos- 
terior chamber, the zonule of Zinn, and the 
ciliary body under special conditions by re- 
flection in the mirror surfaces. 

The retinal periphery can be studied in 
focal light and by other means of illumina- 
tion while viewing structures in the reflect- 
ing mirror through a dilated pupil. 

The central portion of the gonioscope 


serves as a corneal contact lens for examin- 
ing the macular and perimacular areas of the 
retina and of the optic papilla. It can be used 
with the focal beam of the slitlamp to study 
the deep vitreous as well as the retina, 

Slitlamp microscopes using the joy-stick 
principle are of considerable help in _ per- 
forming the examination. 


Jenkins Building (22). 
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DISCUSSION 


De. Hermann M. Burtan (lowa City, lowa): 
I am not prepared to discuss this paper formally, 
since I have not had a chance to study it in ad- 
vance. But I am glad for the opportunity to say that 
this was a most excellent and interesting presenta- 
tion. 

As Dr. Hughes has pointed out, we have done 
extensive investigations along similar lines in lowa 
City and I can only confirm everything that Dr. 
Thorpe has had to say. We have also been able 
to study the periphery of lens and vitreous and, in 
some cases, the ciliary body by means of slitlamp 
gonioscopy. I am going to present tomorrow some 
of our observations during accommodation and the 
similarity of some of our slides and those shown 
by Dr. Thorpe will be apparent. 

I was much interested in some of the details of 
Dr. Thorpe’s presentation. You may recall, for ex- 
ample, a relucent line which Dr. Thorpe has seen 
in patients after intracapsular cataract extraction. 


He has called this line the ligamentum hyaloideo- 


capsulare of Wiegert. We have observed this same 
line and I have considered it, for want of a better 
explanation, to be the collapsed zonule. Dr. Thorpe’s 
thought that it is the ligamentum hyaloideocapsulare 
has much to recommend it. It is well seen in the 
intact eye and [| shall point it out again tomorrow 
on some of our slides. 

Another point which I wish to bring out has to do 
with the flattened appearance of the central part of 
the lens. Dr. Thorpe explains this on an optical 
hasis and he may well be right. We have noted this 
angulation and have seen it increase during accom 
modation 

I wonder whether this might after all-not be an 
actual angulation rather than a purely optical effect 
as assumed by Dr. Thorpe 

If his paper does what it should do-——namely, 
inspire us to use this methd of examination more 
frequently—it will have fulfilled an important task 
In any event, I am sure that everybody here has 
enjoyed this paper as greatly as | have, 
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Parr |. THe CHEMISTRY OF 
VISUAL EXCITATION 


In this paper I should like to review briefly 
the present status of the chemistry of visual 
excitation, specifically in vertebrates; and 
then to discuss connections between these 
processes and visual physiology and pa- 
thology. 

Light initiates a nervous excitation in the 
outer segments of the rods and cones which, 
transmitted from one neurone to another to 
centers in the brain, ends in exciting visual 
sensations. To achieve this result probably 
the whole apparatus must be thrown into 
activity; yet all of it waits upon, and to a 
degree retains the impress of the primary 
processes of excitation in the receptor cells. 

The general arrangement of these proc- 
esses is clear beforehand. Light, to have any 
effect, chemical or physical, must be ab- 
sorbed. The rods and cones must contain 
substances which absorb visible light—hence 
pigments—-and are changed thereby so as to 
yield a nervous excitation. The photosensi- 
tive pigments must be continuously restored, 
or vision would cease soon after a light went 
on. The excitatory state must also be rapidly 
removed, or vision would continue long after 
a light went off. It would aid the economy of 
such a system if the latter reactions were 
coupled so as to complete a cycle, but this, 
though an advantage, is not an essential 
condition, All photoreceptor processes there- 
fore are arranged as follows: 


—» Photosensitive pigment 


| light 


Excitatory product -— 


*From the Biological Laboratories of Harvard 
University. The investigations from our laboratory 
reviewed in this paper were supported in part by 
the Rockefeller Foundation, the Office of Naval Re- 
search, and the Public Health Service. 


This is not only the basic arrangement for 
photoreception, but generalized to include 
other stimuli than light it must also be the 
form of all neural excitation. Every irri- 
table tissue must contain similar arrange- 
ments for reacting with the stimulus, for re- 
moving its effects, and for restoring the 
original system. The same fundamental pat- 
tern of reactions is encountered therefore at 
every level of the visual pathways; and the 
entire process of visual excitation from rods 
and cones to cerebral cortex may be con- 
ceived as a chain of such systems. The pe- 
culiar importance of the photoreceptor sys- 
tems rests, not on their intrinsic form, but 
on their unique sensitivity to light and their 
initial position in the chain, by virtue of 
which certain of their properties are imposed 
on the entire visual response. 

Four visual pigments are known: rho- 
dopsin and porphyropsin in rods, and iodop- 
sin and cyanopsin in cones. All of them are 
built upon a common plan. They are all 
carotenoid-proteins, proteins bearing carote- 
noid chromophores, to which they owe their 
color and sensitivity to light. 

I shall describe the rhodopsin system in 
some detail, since it provides the model for 
all the others. Once this system is under- 
stood, the others emerge as simple variants 
upon this common theme. 


1. RHODOPSIN 


Franz Boll discovered the red pigment 
rhodopsin in the rods of frogs in 1876. It 
is characteristic of the rods of marine fishes 
and land vertebrates (Wald, 1945-46). 
There is no evidence that it is ever found in 
cones. 

Some years ago rhodopsin was shown to 
participate in a cycle which seemed to pos- 
sess the following skeletal form (Wald, 
1935-36) : 
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light 


(orange intermediates ) 


Retinene + protein (opsin) 


(“visual white”) < 


Rhodopsin bleaches in the light over 
orange intermediates to a mixture of the 
yellow carotenoid retinene and the colorless 
protein, opsin (fig. 1). The retinene is then 
converted to colorless vitamin A. Two 
processes resynthesize rhodopsin, on the one 
hand from retinene and opsin, on the other 
from vitamin A and opsin. 

Morton has shown that retinene is vitamin 
A aldehyde (Ball, Goodwin, and Morton, 
1948 ) : 


CH, CH, 
"off CH, 
CHCl 
| 
He Cc 
‘Ga 
CH, 
H, 


(“visual yellow’’) 


DPN introduces a second vitamin into the 
chemistry of vision, Its active principle ts 
nicotinamide, the antipellagra factor of the 
vitamin-B complex. In the retina it is in the 
curious position of helping to regenerate 
vitamin A. 

This completes the degradative processes 
in vision, Rhodopsin, having been bleached 
by light to a mixture of retinene and opsin, 
the retinene is reduced to vitamin A. The 
problem now is to go back. Kithne (1879) 


CH, 
Co 


H 


Vitamin A, 


CH, 
H H 


Retinene, 


The retinene formed by the bleaching of 
rhodopsin is reduced to vitamin A by the 
enzyme, alcohol dehydrogenase, working 
together with the coenzyme, cozymase or 
DPN. This process is readily carried out 
in free solution (fig. 2). It involves only 
the transfer of two hydrogen atoms from re- 
duced cozymase to the aldehyde group of 
retinene, reducing it to the alcohol group of 
vitamin A (Wald and Hubbard, 1948-49; 
Wald, 1950; Bliss, 1951) : 


CuHeCHO + DPN-H + H* 


retinene 


alcohol dehydrogenase 


already recognized this to be two problems 
rather than one. He described a resynthesis 
of rhodopsin from yellow precursors (ana 
genesis), that was relatively rapid and oc 
curred not only in the intact eye but in the 
isolated retina and even slightly in solution. 
In addition there occurred a relatively slow 
synthesis of rhodopsin from colorless pre- 
cursors (neogenesis), which Kuhne could 
observe only in the intact eye, and which 
seemed to require the co-operation of the 
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Fig. 1 (Wald). Absorption spectra of bullfrog 
rhodopsin and of the product of its bleaching in 
aqueous digitonin solution (pH 5.55). Rhodopsin 
possesses three absorption maxima: the a-band, 
mainly responsible for the spectral sensitivity of 
rod vision; the 6-band, which, like a-, belongs to 
the prosthetic group; and the y-band, due to the 
protein opsin. On bleaching, the a- and f-bands are 
replaced by the retinene band at about 385 mu; 
the opsin band remains unchanged (from Wald, 
1949). 
pigment epithelium. We can identify these 
two processes now with the synthesis of 
rhodopsin from retinene and opsin, and 
from vitamin A and opsin. 

The synthesis of rhodopsin from retinene 
and opsin is a spontaneous reaction. It re- 
quires neither an enzyme nor—as do most 
syntheses—an external source of energy. 
One has only to bring a mixture of these 
two substances into the dark to form rho- 
dopsin. This is therefore, like all spontane- 
ous reactions, an energy-yielding process. 
It is the bleaching of rhodopsin that requires 
energy, ordinarily provided by light (Wald 
and Brown, 1950). 

The synthesis of rhodopsin from vitamin 
A and opsin is more complex. The equilib- 
rium between vitamin A and retinene lies 
far over toward the side of reduction— 
toward vitamin A. In the dark, however, 
opsin “traps” retinene, removing it to form 


tion with the enzyme, alcohol dehydrogenase, ex- 
tracted from frog retinas, and with reduced cozy- 
mase (DPN-H). A_ control mixture was also 
prepared, which differed only in that the enzyme 
had been kept at 100°C. for one-half minute. Both 
mixtures were incubated, then extracted with 
hexane. The absorption spectra of the hexane 
extracts are shown. That from the control mixture 
(solid circles) is the spectrum of unaltered reti- 
nene; that from the mixture containing active 
enzyme (open circles) shows complete conversion 
to vitamin A (from Wald, 1950). 

rhodopsin, so displacing the equilibrium in 
the oxidative direction. The basic mechanism 
of rhodopsin synthesis, therefore, is the 
energy-demanding oxidation of vitamin A 
to retinene, coupled with the energy-yielding 
condensation of retinene and opsin to form 
rhodopsin (Wald and Hubbard, 1950; Hub- 
bard and Wald, 1951). 

The rhodopsin system therefore has the 
form shown in Figure 3. Rhodopsin is con- 
verted by light to the orange-red intermedi- 
ate, lumi-rhodopsin, At temperatures above 
— 20°C. this goes on to form meta-rhodop- 
sin; and with access to water, meta-rhodop- 
sin yields retinene and opsin (Wald, Durell, 
and St. George, 1950). The retinene is then 
reduced to vitamin A. In the dark, the spon- 
taneous combination of retinene and opsin 
to form rhodopsin promotes the oxidation of 
vitamin A to retinene. This process is aided 
by the influx of new vitamin A from the 
pigment epithelium, which obtains it from 
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Fig. 3 (Wald). Diagram of the rhodopsin system 
(from Hubbard and Wald, 1951). 


the blood circulation; by the provision of 
DPN, the oxidant of vitamin A; and by 
respiratory enzymes, which keep cozymase 
oxidized. All these factors acting in con- 
cert sweep the system back toward rhodopsin 
(Hubbard and Wald, 1951). 

Judging from Figure 3, it should be pos- 
sible to assemble the rhodopsin system by 
mixing four substances in solution: vitamin 
A, opsin, alcohol dehydrogenase, and DPN. 
Such mixtures have been assembled, using 
vitamin A from fish liver oil, crystalline al- 
cohol dehydrogenase from horse livers, and 
DPN from yeast. The only component that 
needs to be obtained from the retina, and in- 
deed from the outer segments of the rods, 
is opsin. Such a mixture, placed in the dark, 
forms rhodopsin (fig. 4). Brought into the 
light, it bleaches; and replaced in the dark, 
it synthesizes more rhodopsin. This mixture 
of substances performs in solution all the re- 
actions of the rhodopsin system ( Hubbard 
and Wald, 1951). 

We found, however, that in making up 
this mixture, not all vitamin A is effective. 
Rhodopsinlike pigments were synthesized 
from liver oil vitamin A, but almost none 
from ordinary crystalline or synthetic vita- 
min A. This observation led to a further de- 
velopment. 

Vitamin A, like other carotenoids, exists 
in a number of different molecular shapes, 
cis-trans isomers of one another (Zech- 
meister, 1944, 1954; Robeson and Baxter, 
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Fig. 4 (Wald). Synthesis of rhodopsin by a mix- 
ture of four substances in aqueous digitonin solu- 
tion: fish liver vitamin A, cozymase, frog opsin, 
and horse liver alcohol dehydrogenase. This mix- 
ture was incubated in the dark, and its absorption 
spectrum measured. It was then bleached in the 
light, and its spectrum re-measured. The differ- 
ence between these spectra, shown in the figure, 
resembles the difference spectrum of rhodopsin. 
Actually this experiment was done before we 
realized the role of cis-trans isomers of vitamin 
A in this process. Our fish liver vitamin A con- 
tained mainly the iso-a isomer, in addition to inac- 
tive forms, and what was synthesized here was 
mainly iso-rhodopsin. Had we begun with the neo-/ 
isomer of vitamin A, we would have obtained 


pure rhodopsin (from Hubbard and Wald, 1951). 


1947). The usual crystalline or synthetic 
vitamin A is primarily the all-trans isomer 
(fig. 5). It is this that we had found in- 
effective in rhodopsin synthesis. Apparently 
rhodopsin requires for its formation one of 
the cis isomers of vitamin A (Hubbard and 
Wald, 1952-53). 

According to theory, only two of the four 
side-chain double bonds of vitamin A should 
have been capable of forming stable cis- 
linkages, those marked 9 and 13 in Figure 5. 
At the other double bonds, a cis linkage en- 
counters serious steric hindrance, and the 
molecule must be twisted out of coplanarity. 
This interferes with resonance, and should 
consequently lead to a lowered stability 


(Pauling, 1939, 1949). Only four geometric 
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Fig. 5 (Wald). Unhindered geometric isomers 
of vitamin A. This molecule can assume the cis 
configuration only at double bonds 9 and 13 without 
encountering serious steric hindrance. At the other 
double bonds, groups come into conflict, and the cis 
configuration not only bends but twists the mole- 
cule (modified from Hubbard and Wald, 1952-53). 
isomers of vitamin A or retinene were there- 
fore expected: all-trans, 9-cis, 13-cis, and 
9,13-dicis (fig. 5). 

Five cis-trans isomers of retinene, how- 
ever, have been isolated in crystalline condi- 
tion: the all-trans isomer, originally pre- 
pared by Morton et al.; neoretinenes a and 
b, first isolated in our laboratory, and the 
latter since prepared in purer condition by 
Dieterle and Robeson (1954); and isoret- 
inenes a and b, prepared by the Organic Re- 
search Laboratory of Distillation Products 
Industries in Rochester, New York (Hub- 
bard and Wald, 1952-53; Hubbard, Greger- 
man and Wald, 1952-53). 

All the unhindered isomers have now been 
identified, Neo-a is 13-cis; iso-a, 9-cis; and 
iso-b, 9,13-dicis. It is, however, the fifth 
isomer, neo-> that makes rhodopsin. This 
must therefore be a hindered form. 
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The existence of stable hindered cis link- 
ages in this type of molecule has lately been 
established by direct synthesis. The proper- 
ties of the neo-b isomer of vitamin A and 
retinene show that it contains one such link- 
age. It must therefore be either 7-cis or 11- 
cis (hig. 6). Dr. William Oroshnik has re- 
cently synthesized Il-cis vitamin A. This 
proved not to be the neo-b isomer. The 
latter therefore must be 7-cis (Wald, Brown, 
Hubbard, and Oroshnik, 1955). 

This is the most hindered, and was ex- 
pected to be the least likely, of all possible 
isomers of vitamin A. It is a surprise to find 
that it exists at all. Yet this is the form on 
which we depend in both rod and cone vi- 
sion. 

The synthesis of rhodopsin proceeds in 
two stages. First, vitamin A is oxidized to 
retinene; then retinene couples with opsin. 
The first process is relatively indifferent to 
isomeric configuration. It is the coupling of 
retinene with opsin that is isomer-specific. 

On incubation with opsin in the dark, 
neo-b retinene yields rhodopsin 500 
my), indistinguishable from that extracted 
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Fig. 6 (Wald). Hindered geometric isomers of 
vitamin A. These are the forms thought until re- 
cently to be so improbable as not to exist in ap- 
preciable quantities. Since the ll-cis isomer (neo-c) 
is not neo-b, the precursor of rhodopsin and iodop- 
sin, the latter must be 7-cis. This is the most hin- 
dered configuration that vitamin A can assume 
(from Wald, Brown, Hubbard, and Oroshnik, 
1955). 
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from the dark adapted retina. On similar 
treatment, iso-a retinene yields a very simi- 
lar, light-sensitive pigment, with its Ames 
displaced to 487 mp. This is called iso- 
rhodopsin. The remaining isomers are in- 
active (fig. 7). 

Which isomer of retinene emerges when 
rhodopsin is bleached? This proved to be an 
mactive form, indeed all-trans retinene. It 
must be isomerized to the active isomer, 
neo-b, before it can re-synthesize rhodopsin. 
A cycle of cis-trans isomerization is there- 
fore an intrinsic part of the rhodopsin sys- 
tem. 

A single passage through this cycle is 
shown in Figure 8. On the left, a mixture of 
neo-b retinene and cattle opsin in aqueous 
solution, incubated in the dark, forms rho- 
dopsin. On the right, the rhodopsin formed 
in this way is bleached to a mixture of all- 
trans retinene and opsin. It will be noted 
that the extinction of retinene which emerges 
on the right 1s much higher than that which 
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Fig. 7 (Wald). The products of incubating vari- 
ous geometric isomers of retinene with cattle opsin. 
Difference spectra are shown—differences in the 
absorption spectra before and after bleaching in 
the presence of hydroxylamine. All-trans and neo-a 
retinene yield no light-sensitive pigment. Neo-> 
retinene yields rhodopsin, iso-a retinene iso-rhodop- 
sin. Iso-b retinene, though itself inactive, isomer- 
izes preferentially to iso-a, which yields iso- 
thodopsin (from Hubbard and Wald, 1952-53) 
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Fig. 8 (Wald). Synthesis and bleaching of rho 
dopsin in solution (225°C, pH 7.0). Left: a mix 
ture of neo-> retinene and cattle opsin was meu 
hated in the dark, and absorption spectra recorded 
periodically, (1) at 0.3 minutes, (2) at 2.5 minutes, 
(3) five minutes, (4) 10 minutes, (5) 18 minutes, 
(6) 3 minutes, (7) 60 minutes, (8) 120 minutes, 
and (9) at 180 minutes. The absorption band of 
neo-b retinene (Amex 380 mp) falls regularly, while 
that of rhodopsin (Amex 498 mp) rises. Right: the 
rhodopsin formed at the left (1) is exposed to 
light of wavelengths >550 mp for various inter- 
vals, and the spectrum is recorded immediately 
after each exposure. The total irradiations are: 
(2) five seconds, (3) 10 seconds, (4) 15 seconds, 
(5) 30 seconds, and (6) 120 seconds. The residue 
was exposed for 45 seconds longer to light of wave 
lengths >440 mu (7). (From Wald and Brown, 
1955.) 


entered on the left. That is because the 
specific extinction of all-trans retinene is 
higher than that of the neo-b isomer. 
The all-trans retinene which results from 
bleaching rhodopsin can be isomerized to an 
equilibrium mixture of cis and trans isomers 
by simple exposure to light. This is a sec- 
ond photochemical process in the rhodopsin 
system. The eye tissues also contain enzyme, 
an isomerase, which catalyzes specifically 
interconversions of all-trans and neo-> ret 
inene, and which also is light-sensitive (Hub 
bard, 1955). In the eye, before such iso 
merizations can be completed, much of the 
all-trans retinene is reduced to all-trans vita- 
min A; and this in turn must be isomerized 
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to neo-b vitamin A before it can be used 
again in vision. 

The rhodopsin system can therefore be 
formulated as follows (Hubbard and Wald, 
1952-53) 


Rhodopsin 
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a gratuitous reaction that needs to be re- 
versed for the vitamin A to go back into 
the visual processes. I feel sure that this is 
a superficial view, and that as we under- 
stand better the workings of the retina, this 


light. 


Neo-b retinene + opsin 


All-trans retinene + opsin 


(alcohol dehydrogenase, DPN ) 


Neo-} vitamin A vitamin A 


A further reaction is involved in this sys- 
tem, though its function is still obscure. This 
is the esterification of vitamin A. Vitamin A 
is expected to emerge from the bleaching of 
rhodopsin as the free alcohol; yet the great 
bulk of the vitamin A we find in the retina 
is in the form of an ester. Recently a cell- 
free enzyme system has been prepared from 
cattle retinas that esterifies vitamin A in 
vitro (Krinsky, 1955). Superficially this 
process has the appearance of an extra step, 


process also will be found to play an im- 
portant role. 


2. PORPHYROPSIN 


The rods of vertebrates which live in, or 
better, spawn in, fresh water—freshwater 
fishes, lampreys, and certain larval and adult 
amphibia—characteristically contain in place 
of rhodopsin a purple light-sensitive pig- 
ment, called porphyropsin (Wald, 1945-46). 
Its Amex in aqueous solution is 522 + 2 mp 
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Fig. 9 (Wald). Absorption 
spectra of porphyropsin and of the 
product of its bleaching (pH 7.0), 
from the freshwater yellow perch, 
Perca flavescens. This preparation 
was extracted with two-percent 
digitonin from a suspension of the 
outer segments of the retinal re- 
ceptors, which had been previ- 
ously hardened with alum, and pre- 
extracted with water and with pe- 
troleum ether. Porphyropsin, like 
rhodopsin, possesses three absorp- 
tion bands: the a-band at about 
522 mu, the f-band at about 377 
mu, and the y-band (opsin) at 
about 280 mu. On bleaching, the 
a- and 6-bands are replaced by the 
absorption band of retinene, at 
about 400 mu (Wald, Brown, and 


We velength- my 


Smith, unpublished observations). 
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(fig. 9). On bleaching, it yields a mixture of 
opsin and a new retinene, called retineneés, 
and this in turn is reduced to a new vitamin 
A, called vitamin A,. It was the analysis of 
this visual system that led to the discovery 
of these carotenoids ( Wald, 1937 (a) ; 1938- 
39). After many years of confusion, the 
structures of these substances were estab- 
lished by total synthesis, in the laboratory of 
FE. R. H. Jones in Manchester ( Farrar et al., 
1952). They differ from vitamin A and 
retinene only in possessing an added double 
bond in the ring: 
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The properties of the porphyropsin sys- 
tem are in general precisely parallel with 
those of the rhodopsin system. Alcohol de- 
hydrogenase and DPN catalyze the same 
equilibrium between retinene, and vitamin 
A, as between retinene and vitamin A 
(Wald, 1950). The bleaching of porphyrop- 


Porphyropsin 


sin yields an inactive form of retinene,, ap- 
parently the all-trans isomer. 

We have not yet come as far with the 
geometric isomers of retinene, as with those 
of retinene. We have, however, isolated two 
cis forms of retinene,, neither crystalline nor 
pure, one of which, incubated in the dark 
with opsin, yields porphyropsin, indistin- 
guishable from that extracted from a dark- 
adapted freshwater fish retina; while the 
other, treated similarly, yields a comparable 
pigment, isoporphyropsin, with Ames 507 my 
(fig. 10) (Wald, Brown, and Smith, unpub- 
lished observations, reviewed in Wald, 1953, 
1954). 

In performing such syntheses it makes 
little difference whether one uses opsin from 
a freshwater fish, a frog, or cattle. All these 
opsins yield typical porphyropsins. The pig- 
ments obtained with cattle opsin lie at 
slightly shorter wavelengths than those ob- 
tained with frog opsin; cattle “porphyrop- 
sin” lies at Amax 517 mp, and cattle “iso- 
porphyropsin” at Amaxs 501 mp. It should be 
noted, however, that cattle and frog rhodop- 
sins display similar differences; the former 
has Amax 498 mya, the latter Ames 502 my. 

The opsins of the rods that have been ex- 
amined are so closely related that it seems 
proper to regard them as belonging to the 
same family, the scotopsins. The rhodop- 
sin and porphyropsin systems therefore 
share entirely the same proteins. It is only 
their carotenoids which differ, and that only 
by the added double bond in the ring. The 
porphyropsin system can be formulated: 


light 


Cis-retinene, + scoccp trans retinene, + scotopsin 


(alcohol dehydrogenase, DPN ) 


Cis- vitamin A, 


All-trans vitamin A, 


= 
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3. loporsin 


The first light-sensitive pigment of cone 
vision was extracted from the chicken retina 
in 1937. It is a violet pigment (Amex 562 
my) called iodopsin, The chicken retina con- 
tains a few rods among a large predominance 
of cones, and yielded a mixture of iodopsin 
and rhodopsin (Wald, 1937 (b)). 

The carotenoids of the iodopsin system 
are identical with those of the rhodopsin sys- 
tem, even to cis-trans configuration. Only the 
opsin is different. Having designated the 
opsins of the rods as scotopsins, we may 
call those of the cones photopsins. The re- 
placement of scotopsin by photopsin changes 
the rhodopsin to the iodopsin system (Wald, 
Brown, and Smith, 1954-55) : 


lodopsin 


opsin with either retinene, or retinene,. 
Scotopsin combines with retinene, to yield 
rhodopsin, or with retinene, to yield por- 
phyropsin. Photopsin combines with ret- 
inene, to yield iodopsin. Clearly a fourth 
combination is possible: photopsin with ret- 
INeENEes. 

We have recently made this in the labo- 
ratory. The result is a blue photosensitive 
pigment called cyanopsin, Its maximal ab- 
sorption is in the orange-red, at about 620 
my. We have also made iso-cyanopsin ; its 
A max. is 575 my ( Wald, Brown, and Smith, 
1953). 

Always heretofore our knowledge of a 
visual pigment had developed in the se- 
quence: recognition, extraction, analysis, 


Neo-é retinene + photopsin 


=z All-trans retinene + photopsin 


(alcohol dehydrogenase, DPN ) 


Neo-b vitamin A 


From the light-adapted chicken retina one 
can extract a colorless, carotenoid-free mix- 
ture of the proteins of rod and cone vision, 
scotopsin and photopsin. On incubating this, 
or a wholly bleached extract of chicken 
retinas, in the dark with neoretinene 6, one 
obtains a mixture of rhodopsin and iodopsin 
indistinguishable from that extracted from 
the dark-adapted chicken retina (fig. 11). 

Just as isoretinene a yields iso-rhodopsin 
when incubated with scotopsin, it yields a 
similarly displaced pigment, iso-iodopsin, on 
incubation with photopsin. The Ama of iso- 
iadopsin is at about 510 mp. The remaining 
isomers of retinene are inactive (fig. 12). 


4. CYANOPSIN 


The visual systems so far described have 
been made by coupling either rod or cone 


> All-trans vitamin A 


synthesis. With cyanopsin this history was 
reversed. We had synthesized a pigment in 
solution which had never been identified in 
a retina. Had it a place in vision? 

Where would one look? Obviously in 
retinas which provide the two necessary in- 
gredients: cones, and hence photopsin; and 
vitamin A,. One might therefore look for 
cyanopsin in a freshwater fish possessing 
cones. We knew of one other place. Some 
time ago we had attempted to extract a 
photosensitive pigment from the all-cone 
retina of the turtle, Pseudemys. We found 
no such pigment, probably because we used 
too few turtles; but we did find vitamin Ay,. 
Here then is a second place in which cones 
come together with vitamin A,. 

Some years ago Granit measured electro- 
physiologically the spectral sensitivity of 
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Fig. 10 (Wald). Synthesis of prophyropsin and 
iso-porphyropsin. Two different preparations, con- 
taining partially purified cis isomers of retinenes, 
were incubated with opsin from the sunfish, Lepo 
mis. The difference spectra of the products are 
shown, measured in the presence of hydroxylamine. 
The cis: isomer yields porphyropsin (Ames 522 
mya), the ciss isomer iso-porphyropsin (Amex 507 
ma). (Wald, Brown, and Smith, unpublished ob- 
servations ). 


cone vision in a freshwater fish, the tench, 
and in. the European tortoise, Testudo 
graeca (Granit 1941 a, b). His measure- 
ments are shown as the points in Fig. 13; the 
line is the visible absorption band of cyanop- 


sin. | think there is little doubt that cyanop- 
sin is the pigment of cone vision in these 
animals. 


5. RECAPITULATION 

This phase of the chemistry of visual ex- 
citation ends on a very simple note. Each 
of the visual systems we have studied in- 
volves the interaction of four substances: a 
rod or cone opsin; the enzyme, alcohol de- 
hydrogenase ; the coenzyme, cozymase; and 
a specific cis isomer of vitamin A, or Ag. By 
incubating in the dark rod or cone opsin 
with the proper isomer of retinene, or reti- 
nene, one obtains as products : 


Rod opsin +retinene, —+rhodopsin 500 
Rod opsin +retinene, Bow ropsin §22 
Cone opsin + retinene,; —-nodopsin 562 
Cone opsin + retinene, -cyanopsin 620 


In addition we have the four iso-pig 
ments, whose carotenoid moieties are stereo 
isomeric with those listed above. None of the 
iso-pigments has yet been found in a retina. 
All of them must for the present be re 
garded as artefacts. How does the retina 
avoid forming them’ It seems from pre 
liminary measurements in our laboratory 
that the iso-a isomer of vitamin A, the 
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Fig. 11 (Wald). Successive syn- 
theses of iodopsin and rhodopsin 
in solution. An extract of chicken 
retinas was wholly bleached with 
an orange non-isomerizing light to 
a mixture of all-trans retinene and 
rod and cone opsins. To this mix- 
ture just enough neo-) retinene 
was added to regenerate iodopsin 
_] alone. This amount had been de- 
termined by preliminary trial. lo 
dopsin forms so much more rapidly 
than rhodopsin that its synthesis 1s 
complete when that of rhodopsin 
has searcely begun (cf fig. 19). 
The absorption spectrum of the 
“| product, formed within a_ few 
minutes in the dark, is shown with 
-| solid circles. Then a small excess 
of neo-b retinene was added, and 
_| the mixture was reincubated in the 


dark for 30 minutes. This yielded 
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rhodopsin (open circles) (from 
Wald, Brown, and Smith, (1954- 
55). 
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Fig. 12 (Wald). Synthesis of iodopsin and iso-iodopsin. In a chicken retinal extract, the iodopsin 
alone was bleached with deep red light to a mixture of all-trans retinene and photopsin. This product 
was incubated in the dark with four geometric isomers of retinene. The absorption spectra were then 
measured against the red-bleached solution as blank. All-trans and neo-a retinene had remained almost 
as added. Neo-b retinene had formed a large amount of iodopsin (Amss 562 mp), iso-a retinene iso-iodopsin 
(Amex 510 mp). Both photosensitive pigments are accompanied by residues of unchanged retinene, primarily 
responsible for the absorption bands at about 370 mp (from Wald, Brown, and Smith, 1954-55). 


Cyanopsen absorptio:, 


: Fig. 13 (Wald). The absorption 
spectrum of cyanopsin, compared 
with Granit’s electrophysiologic 
measurements of the spectral sensi- 
tivity of cone vision in a fresh- 
water fish, the tench, and in the 
European tortoise, Testudo graeca 
} (from Wald, Brown, and Smith, 
1953). 
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precursor of iso-rhodopsin and iso-iodopsin, 
is present in considerable quantity in liver 
oils, and probably also in blood. It would 
seem to be readily available to all the tissues ; 
whereas the highly hindered neo-) isomer 
has not yet been identified anywhere but in 
the retina, and probably always requires 
special dispensations for its formation. Yet 
it is the latter with which we see. 


6. THE VISUAL PIGMENTS AS PROTEINS 


To this point we have discussed the 
visual pigments mainly from the point of 
view of their carotenoid components. Their 
properties depend greatly, however, also 
upon the opsins. Though their color and sen- 
sitivity to light are mediated principally 
through the carotenoid prosthetic groups, 
almost everything else derives from their 
character as proteins. 

Rhodopsin has been studied most in this 
regard. Cattle rhodopsin has a molecular 
weight of about 40,000 grams per mole 
(Hubbard, 1953-54). Each molecule con- 
tains a single unit of retinene (Wald, 1953 b; 
Hubbard, 1953-54). The extinction of a 
molar solution, measured in a layer one cm. 
in depth, is 40,600 ( Wald and Brown, 1953- 
54). The isolectric point of frog rhodopsin 
is at pH 4.47, and goes to pH 4.57 on 
bleaching (Broda and Victor, 1940). 

The synthesis of rhodopsin from retinene 
and opsin requires the presence of free sulf- 
hydryl (-SH) groups on opsin. The synthe- 
sis is unaffected by relatively high concen- 
trations of monoiodoacetate (0.03 M); but 
it is blocked completely by very low con- 
centrations of the more powerful and spe- 
cific sulfhydryl poison, p-chloromercuri- 
benzoate (7 X 10° M). Conversely, the 
bleaching of rhodopsin liberates sulfhydryl 
groups, in the proportions 2-3 -SH groups 
per retinene. This is true equally of rhodop- 
sins from cattle, frogs, and squid ( Wald and 
Brown, 1951-52; 1953-54). It is not yet 
clear whether in rhodopsin the -SH groups 
participate directly in binding retinene to 
opsin, or are merely unavailable to sulf- 


hydryl reagents until exposed by bleaching. 

It is significant in this connection that 
the bleaching and resynthesis of rhodopsin 
resemble in many ways a reversible protein 
denaturation. This was first suggested by 
Mirsky (1936). Rhodopsin is bleached as 
well by heat as by light, or by combina- 
tions of heat and light, always to essentially 
the same products (St. George, 1951-52). 
Bleaching is reported to shift the isolectric 
point slightly in the alkaline direction 
Broda and Victor, 1940); denaturation has 
the same effect on a number of proteins. 
Rhodopsin, though converted to colored in- 
termediates by light, requires the presence of 
water to bleach (Wald, Durell, and St. 
George, 1950). The need for water in pro- 
tein denaturation has been familiar since 
the work of Chick and Martin (1910). The 
exposure of new sulfhydryl groups on 
bleaching is another such property; this is 
one of the characteristic signs of protein 
denaturation, 

All of this means that the bleaching of 
rhodopsin, in addition to splitting off carot- 
enoid, works profound changes in the con- 
figuration of opsin, which in turn must be 
reversed when rhodopsin is synthesized, As 
we come to approach more closely the ques- 
tion, how the attack of light upon rhodopsin 
results in excitation, the changes in opsin 
may well prove more significant than the 
more visible changes which the 
prosthetic group. 


involve 


Part Il. PHYSIOLOGIC CORRELATIONS 


Every physiologic function, normal and 
pathologic has its roots in biochemistry ; con- 
versely every facet of biochemistry finds ex- 
pression in the properties and behavior of 
the organism. In a sense the organism is a 
macroscopic representation of certain of its 
component molecules; and one of the prin- 
cipal tasks of physiology is to learn to read 
its features in their features. 

This is nowhere plainer than in vision. 
The reactions initiated by light in the rods 
and cones introduce a long train of nervous 
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and synaptic processes which end in overt 
acts and visual sensations. We have de- 
scribed the primary events in some detail. 
The visual apparatus as a whole is largely 
concerned with conducting information about 
them. For this reason many of the basic 
properties of vision reflect simply and di- 
rectly the properties of retinal molecules. 
It is of the highest importance to explore 
these relationships. They will not prove ex- 
haustive; for there is much more in vision 
than photochemistry, or indeed than any of 
the peripheral processes we can measure. 
Yet it is important to learn how far we can 
come with these, if only to know that we 
must seek elsewhere for what remains. 


1. ABSORPTION SPECTRA AND SPECTRAL SEN- 
sitivity: Tue PURKINJ& PHENOMENON 


The rise and fall of visual sensitivity 
throughout the spectrum is governed in the 
first instance by the capacity of the visual 
pigments to absorb light of various wave- 
lengths, that is, by their absorption spectra. 
When properly corrected, the spectral sensi- 
tivity should correspond closely with the ab- 
sorption spectra of the visual pigments. 

For such a comparison, the spectral sen- 
sitivity must be corrected for distortions 
caused by colored ocular structures—in the 
human eye principally the yellow lens and 
macula lutea; and similar structures in the 
eyes of other animals. The spectral sensi- 
tivity also should be quantized. What is 
measured generally is the relative energy at 
each wavelength needed to evoke a constant 
response. The reciprocal of this is the rela- 
tive sensitivity; and this divided by the 
wavelength is the sensitivity in terms of rela- 
tive numbers of incident quanta, This is the 
form in which spectral sensitivity data can 
best be employed for the present purpose. 

The spectra of the visual pigments should 
be stated in terms of percentage absorption 
rather than extinction (cf. Wald, 1937-38). 
The point of this distinction is that all extinc- 
tion curves are simple multiples of one 
another; whereas a percentage absorption 


curve has a unique shape depending upon 
the actual value of the absorption. However 
extinction and percentage absorption are 
almost exactly proportional to each other up 
to 10 percent absorption; and depart only 
slightly from proportionality up to about 20 
percent absorption. All known cones and 
most rods have absorptions well below this 
value. Extinction therefore runs parallel with 
absorption for all cones and all but the more 
densely pigmented rods. In the figures which 
follow, since we usually do not know the per- 
centage absorption, the absorption spectra of 
the visual pigments have been plotted in 
terms of relative extinction. This introduces 
appreciable distortion only in the compari- 
son with frog rod vision (fig. 15). 

We do not possess at present accurate 
measurements of the spectral sensitivities of 
rod and cone vision in the chicken, Granit 
(1942) and Donner (1953) have made such 
measurements on the closely related pigeon 
retina. The lens and cornea were removed 
from the eye and microelectrodes inserted 
into the retina. The pigeons were either 
dark adapted one to two hours following the 
operation, or were light adapted. At each 
wavelength, the energy was measured needed 
to evoke a constant electrical response. The 
reciprocal of the energy-—the sensitivity— 
was quantized by dividing by the wavelength. 

Figure 14 shows the comparison between 
these measurements and the absorption 
spectra of chicken rhodopsin and iodopsin. 
The scotopic sensitivity agrees very well 
with the absorption spectrum of rhodopsin. 
The photopic sensitivity, however, is dis- 
placed about 20 mp toward the red from 
the spectrum of iodopsin. This displacement 
must be caused in large part by the brightly 
colored oil globules which lie in the cones of 
chicken and pigeons in the position of color 
filters (Walls and Judd, 1933; Wald and 
Zussman, 1938). The displacement seems 
larger than the color filters of the chicken 
retina should cause; and may mean that 
many of the electrophysiologic measurements 
happened to fall within the “red field” of the 
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Fig. 14 (Wald). Absorption spectra of chicken rhodopsin and iodopsin, compared with the spectral sensi- 
tivities of dark and light adapted pigeons. The latter were measured electrophysiologically, and are plotted 
in terms of the reciprocals of the numbers of incident quanta needed to evoke a constant electrical response. 
The scotopic data are from Donner (1953), the photopic data from the same source (barred circles) and 
from Granit (1942c; open circles). The scotopic sensitivity agrees well with the absorption spectrum of 
rhodopsin. The photopic sensitivity is displaced about 20 mp toward the red from the absorption spectrum 
of iodopsin, owing in large part to the filtering action of the colored oil globules of the pigeon cones 
(from Wald, Brown, and Smith, 1954-55). 
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Fig. 15 (Wald). The absorption 
spectra of chicken rhodopsin and 
iodopsin, compared with the sco 
topic and photopic sensitivities of 
various animals. The lines show 
the absorption spectra of the visual 
pigments, the points electrophysio 
logic measurements of spectral 
sensitivity (quantized). Scotopic 
data: frog (Granit, 1947, p. 292); 
cat (Donner and Granit, 1949)-.: 
guinea pig (Granit, 1942 b). Pho 
topic measurements: frog (Granit, 
1942 a): snake (Granit, 1943 a); 
cat (Granit, 1943 b) (from Wald, 
Brown, and Smith, 1954-55) 
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pigeon retina, the dorsotemporal quadrant 
in which deep red oil globules predominate. 

The shift of spectral sensitivity toward 
the red as one goes from scotopic to photopic 
conditions, from rod to cone vision, is the 
well known Purkinje phenomenon. Except 
for the distortion just alluded to, this is 
accurately mimicked in solution by the ab- 
sorption spectra of rhodopsin and iodopsin. 

This comparison gains special force when 
made with retinas which do not possess ob- 
viously colored filtering pigments. In Figure 
15 the absorption spectra of chicken rhodop- 
sin and iodopsin are compared with the 
spectral sensitivities of rod and cone vision 
in the frog, snake, guinea pig, and cat, 
measured with electrical procedures by 
Granit and co-workers. The scotopic data 


agree very well with the absorption spectrum 
of rhodopsin. (In the case of the frog, they 
would agree even better had we plotted the 
percentage absorption rather than the extinc- 
tion of rhodopsin.) The photopic sensitivi- 
ties agree so well with the absorption spec- 
trum of iodopsin that it seems probable that 
this is the major pigment of cone vision in 
the frog, snake, and cat. 

Figure 15 shows that when colored ocular 
structures do not intervene, the Purkinje phe- 
nomenon emerges directly from the absorp- 
tion spectra of rhodopsin and iodopsin. In 
essence it involves nothing more than the 
transfer of vision from dependence on the 
absorption spectrum of rhodopsin in dim 
light to that of iodopsin in bright light. 

Figure 16 shows this same comparison 
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Fig. 16 (Wald). Absorption spectra of chicken rhodopsin and iodopsin compared with the spectral 
sensitivity of human rod and cone vision. The spectral sensitivity measurements were made in a peripheral 
field in the aphakic (lensless) eye, to avoid distortions caused by the yellow pigmentations of the lens and 
macula lutea. They represent as close an approximation to the sensitivities of the naked rods and cones 

as can be achieved in the living eye (cf. Wald, 1945 b, 1949). The scotopic (rod) sensitivity agrees with 
the absorption spectrum of rhodopsin over most of its course. The photopic (cone) sensitivity is displaced 
some 20 mp toward the blue from the absorption spectrum of iodopsin; it represents the resultant of the 
spectral sensitivities of at least three groups of cones, concerned with color vision (from Wald, Brown, 


and Smith, 1954-55). 
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for the human eye. The spectral sensitivities 
were measured in the periphery of the 
aphakic (lensless) eye to avoid distortions 
otherwise introduced by the yellow pigmen- 
tations of the lens and macula lutea ( Wald, 
1945, 1949). The scotopic sensitivity agrees 
well with the absorption spectrum of rhodop- 
sin; but the photopic sensitivity is displaced 
about 20 mp toward the blue from iodopsin. 
This ts hardly surprising, for the human 
photopic sensitivity is believed to be a com- 
posite function, the resultant of the spectral 
sensitivities of at least three classes of cone, 
needed to account for normal trichromatic 
vision. According to Stiles (1949), these 
possess maxima at about 440, 550, and 590 
my (cf. also Auerbach and Wald, 1955). 
The middle member of the trio could repre- 


sent iodopsin or a closely related pigment; 
but in the human cones this must co-operate 
with at least two other pigments to provide 
the mechanism of color differentiation. 
Finally, in Figure 17, such a comparison ts 
shown for a vitamin A, eye, that of a fresh- 
water fish, the tench. The spectral sensitive 
ties, scotopic and photopic, measured electro- 
physiologically by Granit (1941 b), are 
shown as large circles. The lines and small 
circles show the absorption spectra of por- 
phyropsin and cyanopsin. The photopic sen- 
sitivity agrees very well with the absorption 
spectrum of cyanopsin; but for reasons 
which are still obscure, the scotopic sensi- 
tivity is displaced about 10 my toward the 
red from porphyropsin. The lenses had been 
removed from these preparations; possibly 
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Fig. 17 (Wald). Absorption spectra of porphyropsin and cyanopsin (lines, small circles) compared with 
the spectral sensitivities of rod and cone vision in a freshwater fish, the tench (broken line, large circles) 
The spectral sensitivities were measured electrophysiologically by Grant (1941 b) in opened eyes from 
which cornea and lens had been removed. The photopic sensitivity agrees well with the absorption spectrum 
of cyanopsin, but the scotopic sensitivity is displaced about 10 mp toward the red from porphyropsin, per- 
haps because of some yellow pigmentation in the retina or ocular fluids. 


there was enough yellow pigmentation in the 
retina or in the ocular fluids to account for 
this discrepancy. In animals whose vision is 
based upon vitamin A, the Purkinje shift is 
unusually large: about 90 mp, from about 
530 my in the scotopic eye to about 620 mp 
in the photopic eye. This shift is mimicked 
closely by the absorption spectra of por- 
phyropsin and cyanopsin, 

It can be concluded that in all appropri- 
ate instances, the spectral sensitivities of rod 
and cone vision, and hence the Purkinje 
phenomenon, derive directly and quantita- 
tively from the absorption spectra of the 
visual pigments. 


2. VISUAL ADAPTATION AND THE BLEACHING 
AND SYNTHESIS OF VISUAL PIGMENTS 


For many years we have believed that 
some simple relation connects the visual 
threshold, or better its reciprocal, the visual 
sensitivity, with the concentration of visual 
pigment. In a steady illumination, the visual 
pigments bleach to steady state levels, main- 
tained thereafter by regenerative processes. 
Simultaneously the visual sensitivity falls toa 
steady state value; this is light adaptation. 
Conversely, in the dark, the visual pigments 
are synthesized to their maximal concentra- 
tions. Simultaneously the sensitivity rises to 
a maximum; this is dark adaptation. 

Lately it has become apparent that what- 
ever relation obtains between visual sensi- 
tivity and concentration of visual pigment 
is not as direct as simple proportionality. 
On the contrary, the bleaching of a very 
small fraction of rhodopsin in dark adapted 
rods results in an extraordinarily large fall of 
sensitivity (Rushton and Cohen, 1954). 
Parallel “light adaptations” conducted on a 
human subject and on a solution of cattle 
rhodopsin in a water model of the human 
eye show that the bleaching of 0.006 per- 
cent of the rhodopsin lowers the visual sen- 
sitivity 8.5 times; and the bleaching of 0.6 
percent of rhodopsin lowers the sensitivity 
3,300 times (Wald, 1954 b). Conversely 
the resynthesis of the last small fraction of 
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rhodopsin must raise the sensitivity greatly. 
Indeed much of light and dark adaptation 
in the rods seems to involve the first small 
fraction of rhodopsin to be bleached, and 
the last small fraction to be resynthesized 
(cf. Granit et al., 1938, 1939). 

A theory has been proposed to account 
for this relationship (Wald, 1954 b). The 
rod is viewed as a compartmented structure. 
Each compartment contains a large quantity 
of rhodopsin, and is discharged by the ab- 
sorption of a first quantum of light. The 
residual rhodopsin of a discharged compart- 
ment continues to absorb light and to bleach, 
but can no longer contribute to excitation. A 
rod is rendered wholly inexcitable when each 
of its compartments has absorbed at least 
one quantum of light, that is, when in each 
of its compartments at least one molecule of 
rhodopsin has been bleached. In this way the 
bleaching of very little rhodopsin can lead to 
a high state of light adaptation. This theory, 
pursued mathematically, leads to the expecta- 
tion that the /ogarithm of the visual sensitiv- 
ity should be approximately proportional 
to the concentration of visual pigment ( Wald 
and Brown, 1954-55), 

Recently Rushton and his co-workers 
(1955) have succeeded by a most ingenious 
procedure in measuring directly the rise and 
fall of rhodopsin concentration in the living 
human eye. This is a magnificent achieve- 
ment. The method depends on comparing 
the reflection from the retina of a blue-green 
light strongly absorbed by rhodopsin, with 
an orange light scarcely absorbed by rhodop- 
sin. No change of retinal reflectance could 
be detected on illuminating such rod-free 
areas as the fovea or the optic disc, On 
light-adapting areas 5 degrees, 10 degrees or 
20 degrees temporal to the fovea, however, 
distinct increases in reflectance could be re- 
corded, apparently caused by the bleaching of 
rhodopsin. The bleaching was stronger the 
more peripheral the field. In all cases the con- 
centration of rhodopsin fell to a steady state 
level in about five minutes, in good agree- 
ment with the time known to be required for 
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light adaptation of the human rods (ef. 
Wald and Clark, 1937-38). Following light 
adaptation, the rhodopsin concentration rose 
regularly in the dark, approaching a maxi- 
mum value in about 30 minutes, in good 
agreement with the time required ‘for human 
rod dark adaptation. 

The course of bleaching and resynthesis 
of rhodopsin in the human retina, measured 
in this way, agrees with the course of human 
light and dark adaptation only when the 
latter is plotted in terms of log sensitivity. 
It is the logarithm of the visual sensitivity 
that rises and falls with time much as does 
the concentration of rhodopsin. This ts the 
relation predicted from the compartment 
theory of excitation alluded to above. 

Another approach to the same problem eX- 
tends these relationships to the cones. Fig- 
ure 11 above shows a mixture of chicken 
iodopsin and rhodopsin, made by incubating 
neo-b retinene in solution with a mixture 
of cone and rod opsins. The reason the 


visual pigments form separately im this in- 
stance is that iodopsin is synthesized with 
enormously greater speed than rhodopsin— 
about 530 times as fast at 10°C. ( Wald and 
Brown, 1954-55). At room temperature, the 
synthesis of iodopsin is complete within 
hve minutes, while that of rhodopsin con- 
tinues for well over an hour (fig. 19). 

It has long been known that in man and 
many other animals the cones dark adapt 
much more rapidly than the rods, In_ the 
human eye the dark adaptation of the cones 
is complete within four to six minutes, while 
that of the rods continues for over 45 
minutes. The dark adaptation of a peripheral 
area of the human retina containing rods 
and cones is shown in Figure 18. It is plotted 
in terms of /og sensitivity (-log threshold), 
the better to expose its relationship to the 
rise of visual pigment concentration, 

igure 19 shows the synthesis of chicken 
iodopsin and rhodopsin in solution at 25°C. 
The data are taken from the same expert 
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Fig. 18 (Wald). Dark adaptation of the human eye, measured in a peripheral area which contams both 
rods and cones. The dark adaptation of the cones is completed within about five minutes, that of the rods 


within about 45 minutes (from Wald, Brown, and Smith, 1954-55). 
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Fig. 19 (Wald). Synthesis of 
iodopsin and rhodopsin in solution 
from a mixture of chicken opsins 
and neo-b retinene. This is the 
same experiment shown in Figure 
11, but with the rhodopsin extinc- 
tions multiplied by 1.3. At 23°C. 
the temperature of these measure- 
ments, iodopsin synthesis is com- 
plete within two to three minutes, 
whereas rhodopsin synthesis still 
continues after 35 minutes (from 
Wald, Brown, and Smith, 1954-55). 
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ment as Figure 12, but with rhodopsin ex- 
tinctions multiplied by 1.3. It is hardly neces- 
sary to labor the close relationship between 
these measurements and the course of human 
dark adaptation, cone and rod. Again, how- 
ever, what parallelism obtains involves the 
comparison of log sensitivity with the con- 
centration of the visual pigments. 

| think we can conclude from all these 
measurements that light and dark adapta- 
tion have their primary source in the bleach- 
ing and resynthesis of the visual pigments of 
the rods and cones, To be sure, more central 
phenomena—changes in the sensitivities of 
neurones and synapses along the optic path- 
ways-—may also play a role, Of this possi- 
bility we know as yet very little, In general 
we expect neural adaptations to be rela- 
tively rapid; if they enter at all they should 
probably be completed during the earliest 
stages of the visual adaptations we ordinarily 
measure, They probably are responsible also 
for only a minor portion of the range of 
visual adaptation. To a first approximation 
light and dark adaptation seem to reflect the 
fall and rise of visual pigment; and spe- 
cifically in the form that the log sensitivity 
runs parallel with pigment concentration. 


3. VITAMIN-A_ DEFICIENCY AND NIGHT 


BLINDNESS 


Probably the earliest symptom of vita- 


min-A deficiency in man and other animals 
is the rise of visual threshold known as night 
blindness. Because we are used to associating 
night vision with the rods, it was once 
thought that dietary night blindness—so 
called to distinguish it from the idiopathic 
or congenital disease—is a failure specifically 
of rod vision, The first experimental studies 
of human night blindness, however, showed 
at once that in vitamin-A deficiency cone 
vision deteriorates with rod vision, and both 
recover together on administration of vita- 
min A (figs. 20 and 21) (Haig, Hecht, and 
Patek, 1938; Wald, Jeghers, and Arminio, 
1938; Hecht and Mandelbaum, 1938). 
The realization that both iodopsin and 
rhodopsin are synthesized from the identi- 
cal forms of vitamin A appears to offer a 
substantial theoretic basis for this relation- 
ship. To be sure, iodopsin has not been 
demonstrated in human cones; if present, it 
is presumably accompanied by at least two 
other cone pigments needed to account for 
normal human color vision, Yet the obser- 
vation that on administration of vitamin A— 
or carotene—night blindness is repaired as 
quickly and completely in the cones as in 
the rods (fig. 21) implies that the human 
cone pigments as a group are probably syn- 
thesized from the same vitamin A. Just as 
rhodopsin and iodopsin are constructed by 
joing the same prosthetic group to differ- 
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106, 600 big 20 (Wald). Thresholds of 
corprone completely dark adapted cones and 
4 rods during JO days ot heavy vita- 
min A administration (left) and 
during 30 days on a vitamin A-defi 
cent diet (right). Open and closed 
circles show thresholds of right 
} and left eves respectively. On the 
anh day of the deficient diet, one 
1 dose of vitamin A was adminis- 
tered. Both cone and rod thresh- 
olds returned to normal, On the 
32nd day the subject was agam 
slightly meht-blind, and was given 
a dose of carotene. Agam both 
cone and rod thresholds returned 
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ent opsins, so the cone pigments responsible 
for human color vision may well be com- 
posed of a single retinene combined with a 
variety of different opsins. 

The opsins have been altogether a neg- 
lected component in the etiology of dietary 
night blindness. We have tended too much to 
think of this disease and its cure in terms of 
the removal and replacement of vitamin A, 
particularly since learning that this substance 
is a precursor of rhodopsin. Perhaps this pre- 
conception is the source of some of the em- 
barrassment that has attended the experi 
mental study of night blindness. The first 
burst of experiments which, it was hoped, 


to normal (from Wald, leghers, 
and Armimo, 1938) 


might lead to a complete clarification, re- 
vealed instead two fundamental inconsisten 
cies, neither of which has since been re 
solved: 

1. On assuming a vitamin-A deficient diet, 
some subjects begin immediately to go mght 
blind, whereas others show no effects, visual 
or otherwise, for many months. 

2. On administration of vitamin A to 
night-blind subjects, some are cured com 
pletely within several hours, whereas others 
retain some degree of might blindness for 
months of high dosage with vitamin A. 
Figure 20 shows the rapid type of entry into 
night blindness, Figure 21 the rapid type 
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Fig. 21 (Wald). The cure of night blindness with carotene. Following a standard light adaptation, the 
measurement of dark adaptation shows both cone and rod plateaus to he above their normal ranges (Cen 
closed within the upper and lower pairs of broken limes). After dark adaptation was completed, 20,000 
International Units of carotene in ot] were administered in gelatine capsules, orally. For 12 to 14 minutes 
the rod threshold remained constant. Then it fell rapidly to normal. Immediate repetition of the standard 
adaptation procedure showed both cone and rod plateaus to have entered their normal ranges (from Wald 


and Steven, 1939). 
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of cure. Unfortunately the other types of re- 
sult are observed at least equally often 
(Hecht and Mandelbaum, 1940; Wald, 
Brouha, and Johnson, 1942; Hume and 
Krebs, 1949). 

I think that we have not sufficiently dis- 
tinguished an acute from a chronic syn- 
drome in vitamin-A deficiency; and that, 
perhaps particularly in the chronic condition, 
a failure of opsin rather than of vitamin A 
may be the predominant cause of night 
blindness, It must be understood that the 
maximal level of visual pigment synthe- 
sized in the normal retina is set, not by vita- 
min A, but by opsin. Vitamin A is normally 
always available in excess, even in mild vita- 
min-A deficiency. After a retina has become 
completely dark adapted, it contains always 
a small amount of free vitamin A, presum- 
ably its equilibrium level vis-a-vis the blood. 

The role of vitamin A as the precursor of 
visual pigments seems almost trivial com- 
pared with its general role in maintaining the 
integrity of the tissues. The mechanism of 
this action is still completely obscure. In 


vitamin-A deficiency, various tissues all over 
the body begin to deteriorate, the retina 


among others (Tansley, 1933; Johnson, 
1943). Johnson has reported that after seven 
to 13 weeks of vitamin A deprivation in 
young rats, the rods in the retinal fundus 
exhibit marked changes. Many outer seg- 
ments have disappeared, and those that re- 
main stain abnormally. As the deficiency 
progresses, the inner segments of the rods 
also degenerate, then successively the ex- 
ternal limiting membrane, the outer nuclear 


layer, the pigment epithelium, the outer 


molecular layer, and the inner nuclear layer. 
These changes progress much faster in the 
central retina than toward the periphery. 
Outer segments of rods which have suffered 
only slight degenerative changes seem to re- 
pair considerably within 24 hours of vita- 
min-A therapy. Even rods which have de- 
generated completely appear to regenerate 
within 10 to 18 weeks of vitamin-A adminis- 
tration, 


It should be noted that rhodopsin is an im- 
portant structural component of the rod 
outer segment. It constitutes about 40 per- 
cent of the dry weight of a frog rod, and 
about 14 percent of that of a cattle rod— 
respectively about 60 and 22 percent of the 
rod proteins. It seems probable that the de- 
generation of a rod outer segment involves 
a loss of opsin as well as other proteins; 
and that long before such changes are visible 
in the microscope they might become de- 
tectable physiologically as night blindness. 

In any case, night blindness clearly in- 
volves far more than the simple decline of 
vitamin A concentration in the retina. It ap- 
pears to introduce, perhaps particularly in 
chronic deficiency, deep-seated anatomic 
changes, which might repair only very 
slowly. Associated with these we can expect 
fluctuations in opsin, which might on. oc- 
casion be more immediately associated with 
the development and cure of night blindness 
than fluctuations in the supply of vitamin A. 

In addition to deficiency in the diet, any 
interference with the flow of vitamin A to 
the retina, or with its utilization by the 
tissues, can be expected to react on the visual 
threshold. This appears to be the case in 
certain chronic liver diseases (cf. Patek and 
Haig, 1939). Bile is needed for the absorp- 
tion of both carotene and vitamin A 
( Greaves and Schmidt, 1935). In obstructive 
jaundice, in which bile fails to reach the in- 
testine, vitamin-A deficiency and hence mght 
blindness may develop in spite of a diet 
adequate to meet normal requirements. In 
addition to producing the bile, the liver ts 
the principal storage tissue for vitamin A. 
It is not surprising therefore that liver dis- 
orders may affect the extent, and apparently 
in some instances also the rate, of dark adap- 
tation. 

Recently it has been shown that the wall 
of the intestine is probably the principal site 
for the conversion of carotene to vitamin / 
(Glover, Goodwin, and Morton, 1947; 
Thompson, Ganguly, and Kon, 1949). It is 
not unlikely that conditions exist in which 
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some failure of this process leads to visual 
disturbances, 

Even when the diet is adequate, and the 
liver and intestine performing their fune- 
tions, this may not yet be enough. We know 
now that vision depends, not merely on vita- 
min A, but on a particular shape of vitamin 
A, the neo-b isomer. This is not ordinarily 
present in the food, Other isomers of vita- 
min A obtained in the diet must be bent 
and twisted into this special configuration. 
We know that this process occurs in the 
eye tissues; we are not yet sure that it oc- 
curs anywhere else. The neo-) isomer is 
continuously lost mm the bleaching of the 
visual pigments, and must be continuously 
replaced for vision to persist. It is not im- 
possible that there exists a visual pathology 
that has its source in a failure to isomerize 
vitamin A, 

| have mentioned a further process which 
occurs in the eye tissues, the esterification of 
vitamin A. We do not yet know its role in 
vision. Presumably it has a role, and so 
may constitute another point at which the 
visual processes are vulnerable to disease. 

The participation of vitamin A in the 
processes of visual excitation therefore in- 
troduces a whole series of special relation. 
ships. At this point, vision becomes de- 
pendent upon an ecological factor, the nu 
trition; and upon the entire network of in- 
ternal arrangements that govern the absorp- 
tion, metabolism, and transport of vitamin A 
throughout the body. 


4. NICOTINAMIDE 

A second vitamin plays a basic role m 
the visual processes: nicotinamide, the anti- 
pellagra factor of the vitamin B complex, 
and the active principle of DPN, the co- 
enzyme of the alcohol dehydrogenase sys- 
tem. Without this factor, so far as we know, 
vitamin A cannot be oxidized to retinene, 
the first step in the synthesis of rhodopsin 
and iodopsin. 

Are there visual symptoms in pellagra? Is 
there, for example, some disturbance of 
dark adaptation in this disease? So far as | 
know, none has been reported; yet dark 
adaptation is not often measured in the 
clinic, and only large changes in this fune- 
tion might be noticed by the patient or be- 
come apparent to the physician. It might be 
well therefore to examine carefully the 
visual behavior of pellagrins with these con- 
siderations in mind. 

Such an investigation has become difficult 
to pursue in the United States. In the past 
20 years, pellagra has declined in this coun- 
try from a persistent level of several thou 
sand registered deaths annually to virtual 
extinction. To pursue this matter further at 
present would probably require either an 
ardous and problematical laboratory experi 
ment, or an expedition. Anxious as we are to 
learn more of the physiology of vision in all 
its manifestations, | think one can only be 
happy concerning this particular frustration. 
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| NTRODUCTION 


Throughout the history of research into 
the electric responses of the retina the at- 
tempt has been made to correlate the ex- 
planation of these electric responses with 
the knowledge of the physiology of vision 
attained by other methods, It is indeed logi- 
cal to suppose that the electroretinographic 
response, initiated by radiant energy, is 
based on the action of the two fundamental 
mechanisms in which vertebrate vision has 
its origin—the photopic and scotopic mecha- 
nisms. These two mechanisms are mediated 
by the cones and the rods, respectively. The 
outer limbs of these receptor cells, which 
in their physical structure in many ways re- 
semble the nerve sheath (Wald'), contain 
photosensitive pigments, and in 1849 DuBois 
Reymond discovered that they are negatively 
charged with respect to the cornea, and for 
that matter with respect to all layers in front 
of them. 

The basic chemical processes involved in 
the two mechanisms are the bleaching of the 
pigments——which somehow elicits the visual 
response—and their resynthesis in the dark. 
The quantum demand for the bleaching is 
intimately connected with the concentration 
of the pigments within the cells. The lower 
the concentration (or, in physiologic terms, 
the higher the threshold), the greater is the 
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quantum demand ( Hartline, Milne, and Wag- 
man,* Rushton and Cohen’). 

When the eye is exposed to light, a defi- 
nite amount of the visual pigments 1s 
bleached. This amount is larger the higher 
the intensity of the light. After some time 
of exposure a “steady state” establishes itself, 
that is, an equilibrium exists now between 
bleached and unbleached pigments within 
the receptor cells. 

In the dark the visual pigments are re- 
synthesized. There is, however, a character- 
istic difference between the cones and the 
rods. The cones contain a very much smaller 
amount of photosensitive pigments than the 
rods and their resynthesis is completed after 
three or four minutes, while the complete re- 
synthesis of the rod pigment, the rhodopsin, 
requires almost one hour ( Wald, Brown, and 
Smith‘), 

The dark-adaptation curve clearly shows 
the differentiation between the cone and the 
rod mechanism. By using an adequate pre- 
adaptation, that is, by proper bleaching, it 
is possible to knock out the scotopic mecha- 
nism for a period of time, the length of 
which depends on the intensity and the dura- 
tion of the preadapting light. Since the visual 
threshold is governed by the response of the 
most sensitive elements one ts thus able to 
obtain during the first few minutes of dark 
adaptation a pure photopic response (the 
cone curve). As the dark adaptation pro- 
ceeds further, the scotopic response domi- 
nates the dark adaptation curve more and 
more (Auerbach and Wald*). 

While there is a striking parallelism be- 
tween the chemical reactions, both in vitro 
and in vivo, and the visual thresholds during 
dark adaptation, it must be stressed that the 
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photopic and scotopic mechanisms as a whole 
cannot be expressed solely in terms of chemi- 
cal reactions. The chemical processes in the 
receptor cells which follow their stimulation 
by a light are trigger mechanisms which set 
off a neural process. It is in this broader 
sense that we shall use the terms photopic 
and scotopic mechanisms in this paper. 

The known and accepted form of the hu- 
man electroretinogram is said to be made up 
of two components: a negative component 
with a very short latent period ( the a-wave), 
and a positive component with a longer la 
tent period (the b-wave). In other verte- 
brates than man there is a third and even 
later positive deflection (the c-wave ), and an 
off-effect can also be noted. Thus the elec- 
troretinogram consists of a succession of 
different waves and various attempts have 
been made to explain and analyze them, be- 
ginning with Einthoven and Jolly, and 
Piper’ who interpreted the electroretinogram 
by assuming that it is made up of the alge- 
braic summation of a number of hypothet- 
ical individual components or processes. 

In 1917 Tirala* published experiments in 
which he had attempted an analysis of the 
electroretinogram by means of various an- 
esthetics and other drugs, but his methods 
were still not refined enough to enable him 
to come to clear-cut conclusions. Granit,” 
using also pharmacologic methods, estab- 
lished that there appear to be three distinet 
processes (P I, P II, P IIL) the algebraic 
summation of which is the electroretino 
gram. Granit showed that with increasing 
depth of anesthesia the three processes dis- 
appear successively from the electroretino- 
gram. 

In 1942 Motokawa and Mita,’ working 
with orange-red test stimuli, demonstrated 
in man two different positive waves the first 
of which they called the X-, the second the 
b-wave. Their nature was explained by 
Adrian" who discovered the phenomenon 
independently in 1945, and who also obtained 
two positive waves which were most distinet 
when he used orange-red lights. Adrian con- 


ceived hem as belonging to the photopic 
and the scotopic mechanism, respectively, 
and ascribed the first positive wave to the 
photopic and the second positive wave to the 
scotopic response. Armington™ and Schubert 
and Bornschein'® came to a similar conclu- 
sion. The latter two investigators proved 
definitely that the X-wave is due to cone 
response by showing that it is obtained by 
the use of red test light above 600 mp im 
normal, hemeralopic, and deuteranopic sub- 
jects, but not in protanopes. 

In 1952 Armington, Johnson, and Riggs" 
showed that the a-wave also contained two 
components, one photopic and the other 
scotopic. The best responses were again ob- 
tained with red lights. Best,’* working 
with white test stimuli, concluded that both 
the a- and the b-wave are to be considered 
as the response of both types of receptor 
cells. 

In the same year Schubert and Born- 
schein"’ mentioned for the first time a hump 
in the descending branch of the b-wave of 
the human electroretinogram, A year later 
Bornschein™ published a figure which 
he superimposed the responses of different 
dark adaptation periods. In this figure there 
appeared a distinct hump climbing up on the 
descending branch of the b-wave during dark 
adaptation. However, these authors did not 
discuss this hump in cither paper. In 1954 
Burian'’ stressed the importance of this 
hump and the implications of its upward 
climb during dark adaptation. He empha- 
sized that the positive b-wave is a composite 
response of both the photopic and the scoto- 
pic mechanisms. 

As for the specific retinal elements to 
which the components of the electroretino 
gram may be assigned, various assumptions 
have been made. Granit® believed that the 
process causing the b-potential was localized 
in the synaptic layers of the retina and Bart- 
ley’ suggested that the a-wave might be due 
to a response of the receptor cells, the 
b-wave to a response of the bipolars. From 
clinical evidence it is unlikely that the gan- 
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glion cells are necessary for the appearance 
of an electroretinogram since it can be ob- 
tained from eyes which have been blind from 
glaucoma for some time. On the other hand, 
the presence of intact receptor cells is essen- 
tial, This is obvious both from the clinical evi- 
dence with retinitis pigmentosa and from the 
evidence obtained in degenerated rod-free 
retinas of mice ( Keeler, Sutcliffe and Chaf- 
fee’* and Keeler*®’) and in the experimental 
studies of Noell® with agents causing selec- 
tive damage to retinal receptor cells. 

The studies reported in this paper were 
made with a view to mvestigating further 
the photopic-scotopic relationships in the 
human electroretnogram and to assigning 
more securely, if possible, its various com- 
ponents to specific retinal structures, 


APPARATUS AND PROCEDURE 


Our experimental set-up ts schematically 
shown in Figure 1. The subject was placed 
in an electrically shielded cage, facing the 
flash lamp of a (Grass Vhoto-stimulator 
(Model PS-1) through a small window, his 
chin on a chin rest. The electrodes used 
were of the type described by Burian.”’ The 
corneal electrode consisted either of a silver 
or stainless steel wire ring of a diameter of 
approximately 10 mm. 

The indifferent electrode was fastened to 
the supraorbital area and the ground elec- 


trode to the ear. The electrodes were con- 
nected to an ink-writing Grass electroen- 
cephalograph (Model Ill D) with a paper 
speed of 120 mm. per second in all experi- 
ments. This speed was chosen to stretch the 
response, thus obtaining its details more 
clearly. Using the AC amplification of the 
mstrument we led the electrodes 
through a condenser to a DuMont Cathode- 
Ray Oscillograph (Type 322-A). 

The channel of the electroen- 
cephalograph was connected with a photo- 
electric cell which was fastened opposite the 
Nash lamp of the stimulator. 

Facing the screen of the oscillograph was 
a Grass Kymograph Camera ( Model C-43) ; 
the stimulator activated both the oscillo- 
graph and the camera. The complete system 
was thus synchronized. 

A manual switch initiated the following 
events: the flash appeared and the resulting 
retinal action potential was recorded both 
by the pen of the electroencephalograph 
amd by the oscillograph; simultaneously the 
shutter of the camera was released to photo- 


(srass 


second 


graph the response on the oscilloscope. 

We used two recording systems because 
we could not obtain all details of the retinal 
response by the pen-paper arrangements of 
the electroencephalograph. The vertical 
movements of the pens were restricted, so 
that they could not register a complete re- 
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sponse if the amplitude had grown too high 
during dark adaptation. By decreasing the 
gain, one obtained, of course, the complete 
response, but at the expense of clarity of 
detail. An additional disadvantage was the 
inertia of a paper-pen arrangement. There 
were no such disadvantages when the re- 
sponse was recorded electromically by an 
oscillograph. However, the ink recording 
system gave us the opportunity to recognize 
immediately the approximate shape of the 
response and irregularities caused by eye 
movements. In addition it provided a con- 
venient method of taking notes. 

Before each experimental session the gain 
vt the amplifier was calibrated and photo- 
graphed. The 60 cycles of our power source 
were also photographed to obtain a measure 
of the time relations. 

The Grass Photo-stimulator provides five 
different intensities of the stimulating light 
which are indicated on the machine as rela- 
tive intensities, each step doubling the inten- 
sity of the previous one. The lowest lumt- 
nance (indicated on the stimulator as 1) we 
measured to be 1.29 millilambert. The high- 
est luminances which we could use with this 
machine was 20.64 mL. (indicated on the 
stimulator as 16). In most cases we employed 
an intensity of the stimulating light of 2.58 
ml. and of 5.16mL. The reflector of the flash 
lamp of the stimulator is parabolic in shape 
with a diameter of 13 cm. The exposure time 
was approximately 10 to 15 psec. The instru- 
ment was placed at a distance of 30 em, in 
front of the subject and a fixation light of 
adjustable intensity was provided. The re- 
sponse of the Grass capacity coupled ampli- 
fier decayed 50 percent in approximately 
1/10 see. 

At the beginning of each experiment the 
subject was preadapted in one of two ways. 
In the first procedure we used the reflected 
light of the sphere of the Goldmann adap- 
tometer with a luminance of approximately 


2,650 mL. The second procedure was the 
same as that described by Auerbach and 
Wald’ with the exception that a 500-watt 


instead of a 1,000-watt lamp was used at a 
distance of 65 cm. from a plano-convex lens 
(focal length 10 cm., diameter 9.0 em.). The 
eye was held in the position of Maxwellian 
view. This last procedure was used for both 
white and colored light adaptations. The 
brightness of the adapting lights was meas- 
ured with a Macbeth Illuminometer. After 
10 minutes the light was turned off and the 
eye was stimulated as soon as posstble. 

We began another experimental series 
using colored test lights combined with white 
or colored preadaptations. The results of 
these experiments will be reported else 
where, But since one result will be included 
in this paper, a short description of the ex- 
perimental arrangement ts given. We em- 
ployed two methods to produce monochro 
matic light. The first consisted of a prism 
monochromator, using as light source a 300. 
watt Sylvania zirconium concentrated are 
lamp. The brightness was adjusted by a 
movable neutral wedge. The exposure times 
were regulated by a photographic shutter re 
leased through a solenoid. The monochroma 
tor was included as an independent light 
source instead of the Grass photo-stimulator 
(fig. 1). Again a manual switch initiated the 
whole system. 

Alternatively, Wratten color filters were 
placed in front of the eye by means of a 
goggle. Here the Photo-stimulator was em- 
ployed. 

In another series of experiments, electro- 
retinographic readings were taken at differ 
ent intervals during adaptation to 25-, 6D-, 
100-, 200-, and 500-watt lamps. Measure 


ments of the luminances were again made 


with the Macbeth [lluminometer (table 1). 


TABLE 1 


LUMINANCES OF BULB BEHIND OPAL GLASS IN 
ONE-METER DISTANCE 


mil. 
25 Watt 1, 306 
Watt 925 4,128 
100 Watt 1,545 §.225 
200 Watt +. 090 10,450 
500 Watt 7,725 26,125 


— 
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Fig. 2 (Auerbach and Burian). Schematic pres- 


entation of an electroretinogram: 1 and 2, way 
of measuring the negative waves a, and a; 3 and 
4, way of measuring the positive waves X and b. 


The following arrangements were made : the 
subject was dark adapted for a period of 10 
minutes, Then the adapting light, beginning 
with the 25-watt lamp, was turned on behind 
an opal glass at a distance of 1.0 m. from the 
subject. The stimulating flash light was 
placed between the subject and the opal glass 
at a distance of 30 cm. from the subject, and 
was flashed into the observer's eye at inter- 
vals of 30 to OO seconds with the adapting 
light left on. After completion of the experi- 


A. After Smin.La. 
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Fig. 3 (Auerbach and Burian). C. W., November 11, 1954. Light adaptation: 2,650 ml_- 


ment with surrounding illumination obtained 
by the 25-watt lamp, the next stronger lamp 
was turned on and the same experiment re- 
peated on this new level of light adaptation. 
The measurements of the recorded re- 
sponses on the film were made with the help 
of a microfilm reader. The negative waves 
of the response were measured from the 
base line. The first positive wave was meas- 
ured from the peak of the first negative 
wave, the second positive wave from the 
peak of the second negative wave (fig. 2). 


RESULTS 


1. The electroretinographic changes during 
the course of dark adaptation. Burian has 
shown in 1954" that a small hump on the 
descending branch of what is customarily 
called the b-wave has the tendency to climb 
upward during the course of dark adapta- 
tion. On closer examination we found that 
the begining and the rate of this climb de- 
pend on both the intensity and the duration 
of the light adaptation. The lower its inten- 
sity and the shorter its duration, the higher 
is the initial amplitude of this hump at the 
beginning of dark adaptation and the faster 
is the rate of climb (fig. 3). 
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of light adaptation, The shorter the duration of light adaptation the higher is the initial amplitude of the 
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a. The two positive elevations 


In our experiments, using white test lights 
ranging from 1.29 to 5.16 mL, we always 
obtained in the electroretinogram two posi- 
tive elevations with slightly different latent 
periods : 60 to 68 msec. for the first, 80 to 85 
msec. for the second elevation (measured as 
peak latencies ).* 

From the beginning of the dark-adapta- 
tion period the first wave appears as a peak 
of already significant amplitude which grows 
during the next three to five minutes; the 
second elevation appears either as a slight 
hump on the descending branch of the first 
wave or isolated from the first wave as a 
separate peak. More often it is of the first 
type. This second positive wave is at first 
very near the base line or even below it, 
depending on the degree of light adaptation 
preceding dark adaptation. 

During the following 10 minutes of dark 
adaptation this second wave climbs steadily 
upward until it reaches the same amplitude 


* Aiter the onset of the stimulus, there is a short 
period (approximately 20 msec.) during which no 
response is apparent. This is the true “latent period.” 
We have, however, not singled this out but instead 
measure the time from onset of stimulus to peaks of 
response. We call these the “peak latencies 


as the first wave (fig. 4). From this stage 
on there are two possibilities of further de- 
velopment: (fig. 5) the second wave either 
remains separate from the first one, surpas- 
Sing it in amplitude, or (fg. 6) it swallows 
the first wave so that apparently only a single 
wave continues the further growth; but even 
in the latter case one can often detect the 
presence of the first wave as a slight notch 
on the ascending branch of the resultant 
composite wave. These positive elevations 
are followed by a slow negative wave, some- 
times overshooting the baseline which grows 
smaller in the course of dark adaptation ( fig. 
4). 

It must be stressed that the amplitude of 
the first positive elevation increases for ap- 
proximately three to five minutes, after 
which it levels off, increasing only slightly 
during the next five to seven minutes. The 
amplitude of the second elevation ts initially 
very low but increases steadily after about 
two minutes in the dark. These relations are 
shown graphically in Figure 7. After approx- 
imately 10 minutes the curves representing 
the amplitudes of the two waves cross, and the 
curve of the second wave goes rapidly down- 
ward, indicating a rapid increase in ampli- 


Fig. 4 (Auerbach and Burian). C. W., Nowember 11, 1954. Light adaptation: 2,650 ml; test light > 
2.58 mL. Electroretinographic response during dark adaptation up to the time at which a is approximately 


equal to as, and X to b. 
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Fig. 5 (Auerbach and Burian). Continuation of Figure 4. Electroretinographic response during further 
course of dark adaptation, a.<a:, X<b. The more dark adaptation progresses, the more grow a, and b 
relative to a and X, until after approximately 10 minutes a, and b begin to surpass a, and X (first type: 
X and b remain separated during whole dark adaptation). 


23° 30 


Fig. 6 (Auerbach and Burian). Ch. G., May 4, 1955. Light adaptation: 2,650 mL; test light: 2.58 mL. 
Flectroretinographic response during a later period of dark adaptation at which a:<a, and X<b. The 
X. and b-wave have merged together in contradistinction to Figure 5 where X and b remained separated 
(second type). 
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tude, But also the curve representing the first 
wave changes its slope, and goes downward, 
but not as rapidly as the second curve, show- 
ing that here, too, there is an increase in am- 
plitude. 


b. The two negative waves 

In all our experiments there appears from 
the very beginning of dark adaptation a 
negative wave of relatively high amplitude 
with a short peak latency (30 to 38 msec.), 
much shorter than that of the first positive 
elevation; this is the a-wave. But there also 
appears shortly after the adapting light ts 
turned off a second negative wave of very 
low amplitude and slightly longer latency 
(44 to 49 msec.). The growth of the ampli- 


tude of the first negative wave reaches a 
temporary standstill after some minutes, but 
the second wave begins to increase in nega- 
tivity, finally surpassing the first negative 
wave (figs. 4 and 5). 


c. Relationship between the two positive and 

the two negative waves 

lor purposes of identification we shall 
designate the two negative waves as a, and 
a,, and shall call the first positive elevation 
the X-wave and the second positive eleva- 
tion the b-wave (fig. 2). In our discussion we 
shall try to justify this designation. 

There is a striking parallelism in the 
growth of the two second waves, the a, and 
the b-wave: the 


a, 


increases its negativity 


roughly at the same rate with which the X- 
wave increases in positivity. Approximately 
at the time when the b-wave has reached the 
height of the X-wave, a, has reached the same 
amplitude as a,. During the later stages of 
dark adaptation a, invariably surpasses ay, 
and b surpasses X (figs. 4 and 5). 

2. The electroretinogram at various inten- 
sities of test light. As Figure 8 shows there 
is a marked increase in the amplitudes of the 
negative and positive deflections with in- 
crease in the intensity of the test light. 

With the strongest test lights of the Photo- 
stimulator having a luminance of 10.32 and 
20.64 mL, a, and b show for the first 10 
minutes of dark adaptation the same growth 
of their amplitudes as with test lights of 
lower intensity ; however, a, and b never sur- 
pass a, and X, 

3. The electroretinogram at different 
levels of light adaptation. We shall now de- 
scribe the results obtained in experiments in 
which the subjects were exposed to different 
levels of illumination (table 1 and fig 9). 
When the surrounding illumination is pro- 
vided by a 25-watt bulb the amplitudes of 
both positive and both negative waves de- 
crease for a period of five to eight minutes 
(the duration depending on the length of 
time the subject was in darkness prior to the 
experiment). After this an electroretinogram 
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establishes itself with a rather low a,, a 
shorter a,, a large X-, and a low b-wave. 
This picture remains constant as long as one 
continues the experiment. 

If one now increases the surrounding illu- 
mination by using a 60-watt bulb, again a 
transitional period follows with gradually 
decreasing amplitudes of the different waves, 
but lasting only two to three minutes. Then 
another electroretinogram establishes itself 
which differs from the one obtained with the 
lower intensity of surrounding illumination 
in that the b-wave has a much lower ampli- 
tude. Again this new electroretinogram re- 
mains unchanged indefinitely. 

If one continues, step by step, to increase 
the surrounding illumination, one obtains 
always short transitional periods in which 
the amplitudes decrease, followed eventually 
by a response which always remains constant 
for each level of illumination. Illuminations 
up to about 3,000 mL depress primarily the 
b-wave. Above this intensity the X-wave 
also decreases in amplitude, At 10,000 and 
26,000 mL the b-wave is absent or very small 
and almost exactly at the level of the trough 
of the ay. 

4. Effect of intermittent flashes during 
dark adaptation. \f one stimulates an cye 
repeatedly at intervals of one second during 
the first five to seven minutes in the dark, 


Test light: mL 
5' 30" 


4 


Fig. 8 (Auerbach and Burian). L. B., December 10, 1954. Light adaptation: 2,650 mL. Electroretino- 
graphic response to different intensities of test lights at approximately the same period of dark adaptation, 
showing an almost linear increase of amplitudes with increasing intensity of test light. 
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E S500watt 1/60sec. 


Fig. 9 (Auerbach and Burian). L. A. April 10, 
1955. Test light: 2.58 mL. Electroretinographic re- 
sponse at various levels of light adaptation. For each 
level of surrounding illumination (A-E) a steady 
state is established. 


the period in which the increase of the am- 
plitudes of both second waves (the a, and 
the b) have not yet reached the height of 


the two first waves (the a, and the X), 
almost no change occurs in the electroretino- 
gram by stimulation at all five levels of test 
light intensity. 

But if flashes the stimuli at later 
stages of dark adaptation, beginning from 
the time in the dark when the two positive as 
well as the two negative waves are approxt- 
mately of equal height, the b-wave drops 
markedly, whereas the X-wave maintaims 
its amplitude. When the flashing stimuli are 
stopped, it takes at least 25 to 30 seconds for 
the response to return to where it was before 
the flashing started (fig 10). 

The higher the intensities of the stimu 
lating light during the later stages of dark 
adaptation the more accentuated is_ this 
phenomenon, and with 20.64 mL. the b-wave 
disappears entirely and the X-wave is di 


one 


minished to a very small amplitude. Also 
here the previous status quo is reestablished 
after an interruption of at least 30 seconds. 

5. The electroretinogram during dark 
adaptation, obtained by the use of red test 
lights. The results of these experiments are 
described at the end of the section “Discus 
sion.” Their inclusion in this paper proved 
to be necessary out of controversial reasons 
for clarification of both our results and an 
apparent disagreement. 


DiscuSSION 


We have presented above the change in 
amplitude which the four components of the 
electroretinogram (a,, a), X, and b) undergo 
during dark adaptation (fig. 11). It is appar 
ent from our findings that there ts a close 
parallelism in the growth of the amplitudes 
of a, and b in relation to a, and X during 
dark adaptation and one is, therefore, justi- 
hed in assuming that a, and b are the electri 
cal expression of one process, and a, and X 
the expression of another. Because of their 
behavior during the course of dark adapta 
tion we believe that a, and b represent in 
effect the response of the scotopic mechanism, 
whereas a, and X represent the photopic 
mechanism. Thus we are dealing with two 
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Fig. 10 (Auerbach and Burian). L. 


., December 15, 1954. Light adaptation 


17° 10” 
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2,650 test light: 


5.16 mL. Series of intermittent flashes separated by interval of one second. Showing a marked drop of 
the b-wave; after an interruption in the dark the status quo is re-established. 


curves, partly overlapping because of differ- 
ent latencies, in which the negative waves a, 
and a, are correlated with their positive coun- 
terparts X and b. 

A further analysis of our findings shows 
that it is possible to ascribe at least tenta- 
tively the various components of the electro- 
retinogram to the different parts of the 
photopic and scotopic mechanisms. 

The peak latencies of Ay and a, are con- 
siderably shorter than those of X and b. The 
negative waves, therefore, arise at an earlier 
stage in the conduction process, and con- 
ceivably in the photoreceptor elements them- 
selves. Since a, is large from the onset of 
dark adaption and grows in amplitude during 
the first three to five minutes, while a, is very 
small or absent at the very beginning and 
grows considerably during the later phases 
of dark adaptation, we attribute a, to the 
cones and a, to the rods. It is reasonable to 
correlate the behavior of the two negative 
waves during dark adaptation with the con- 


tent of resynthesized pigment in the receptor 
cells and with their ability to absorb quanta 
of light. The experiment in Section 2 aimed 
specifically at showing the correlation of the 
amplitudes of the negative deflections to the 
intensity of the test light clearly demonstrates 
this interdependence (fig. 8). In fact, if one 
were to succeed in improving the electrical 
recording method, one might be able to meas- 
ure the relative numbers of quanta absorbed 
by the two kinds of receptor cells. 

Since X and b have longer latencies than 
a, and a», and since they have a diphasic 
character and are of opposite potential with 
respect to a, and a,, we conclude that these 
two waves are triggered by a, and a, and 
may represent the response of the intra- 
retinal nervous pathways. The rate of im- 
pulse conduction measured by peak latencies 
for a, :X and for a, :b is almost exactly equal 
(approximately 1:2). What accounts for the 
different latencies of the two mechanisms we 
cannot at present explain. One possible ex- 
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planation may be sought in the one-to-one 
connection of the central photopic system as 
compared to the converging peripheral sys- 
tem with its many opportunities for delays. 

The views proposed here are further 
strengthened by the observations in Section 
4 (series of flashes separated by an 
interval of one second) (fig. 10). Here we 
tried to show the mutual relationship be- 
tween the amount of visual pigment within 
the receptor cells and the intensity of the test 
light, that is, the light adapting intluence of 
the test light. The apparent stability of the 
response during the earlier stages of dark 
adaptation, a period in which the a, and the 
b-wave have very small amplitudes, we ex- 
plain by the fact that the amount of rhodop- 
sin is so small that the changes in concentra- 
tion produced by the light adapting effect of 
these repeated flashes cannot be registered 
in the electric response. The fact that we 
never obtained at this stage a significant drop 
of the b-wave with the intensities of the test 
light used simply implies that we were in a 
steady state. However, in the later stages of 
dark adaptation in which much more rhodop- 
sin has resynthesized, the scotopic b-wave 
was markedly affected and dropped till a 
Steady state was reached. With the higher 
intensities of the test light (10.32 and 20,64 
ml.) both the photopic X- and the scotopic 
b-wave dropped very much. In fact with the 
latter mtensity the b-wave disappeared com- 
pletely, and the X-wave dropped to a very 
small amplitude until a new steady state was 
established. 

Further evidence for the scotopic nature 
of the b-wave is to be found in the fact that 
the height of its initial response depends on 
the intensity and duration of the light adap- 
tation preceding the dark adaptation. The 
less thorough the pre-adaptation, that is, the 
less intense and the shorter it is, the higher 
will be the initial response of the b-wave 
(fig. 3). 

Because of the dependence of the initial 
threshold of the scotopic mechanism on the 
intensity of the preceding light adaptation, 


one must assume that dependent on, and re- 
lated to, the surrounding illumimation an 
equilibrium is established between rates of 
bleached and unbleached or resynthesizing 
visual pigments, since a “steady state” ts 
maintained so long as it is not disturbed by 
a change in the surrounding illumination, 
This is clearly demonstrated in the elec- 


troretinographic response obtained with dif- 


ferent levels of surrounding illumination 
(fig. 9). Following each increase m= sur- 
rounding illumination a steady state estab- 
lishes itself which remains indefinitely, as 
long as the level of illumination ts main- 
tained, and which is characteristic for the 
particular level of illumination, The stronger 
this illumination, the smaller the amplitude 
of the b-wave. At a level of approximately 
3,000 mL of surrounding illumination the 
amplitude of the b-wave drops to a mim- 
mum. If higher intensities are employed, 
there is now also a reduction in the ampli- 
tude of the X-wave, an indication of the 
light adapting influence of the surrounding 
light on the photopic mechanism. 

In the light adapted state the photopic 
mechanism is more sensitive than the sco- 
topic. The sensitivity of this latter mechanism 
increases slowly during the process of dark 
adaptation to become finally many times 
more sensitive than the former. In the dark 
adaptation curve obtained by the psycho- 
physical method one uses the trick of knock- 
ing out the rod response for some time by 
means of an adequate light adaptation. Since 
the threshold of the rods is higher and their 
rate of adaptation slower than that of 
the cone pigments, one is able to separate the 
responses of the two mechanisms and to ob 
tain a photopic and a scotopic phase in the 
dark adaptation curve. 

By the very nature of the psychophysical 
method of determining the dark adaptation 
curve one is unable to obtaim the scotopic 
response during the photopic phase. In other 
words, it is impossible by this method to 
obtain a rod response as long as its thresh 
old remains higher than that of the cones. 
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However, with the  electroretinographic 
method one is able to stimulate both types of 
receptor cells simultaneously provided the 
intensity of the test light is strong enough. 
The electrical method provides us with both 
responses separately and simultaneously to 
the degree to which the different photo- 
pigments have been resynthesized and this 
also during the photopic phase of dark 
adaptation. One is thus able to obtain the 
initial thresholds of both the photopic and 
the scotopic responses (fig. 7). 

All this is seen clearly in the behavior of 
the different components of the electrore- 
tinogram (figs. 4, 5, and 11). As long as the 
scotopic threshold is higher than the pho- 
topic, one obtains a photopic response of 
greater electromotive force than that of the 
scotopic response, but both responses are 


present almost from the beginning. During 
the first phase of dark adaptation a, and with 
it the X-wave are of higher amplitude than 
a, and the b-wave. This means that the re- 
sponse of the scotopic mechanism only 
slightly interferes with that of the photopic 
mechanism by overlapping. In the course of 
dark adaptation the scotopic response grows ; 
a, and a,, and X and b first become equal in 
amplitude and finally a, and b exceed a, and 
X, respectively. The growing scotopic re- 
sponse curve more and more overlaps the 
photopic X-wave, superimposing its electro- 
motive force, and the true shape of the two 
waves is falsified and distorted by the super- 
position, 

The consequence of this summation is that 
the true electromotive force of each of the 
two processes at this stage must differ from 


Time 


Fig. 11 (Auerbach and Burian). Schematic presentation of dark adaptation curve with corresponding 
diagrammatically represented electroretinograms showing relationships of a,, a, X, and b during the differ- 


ent phases of dark adaptation. 
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the one recorded in the electroretinogram, 
and that the true maxima in each reading 
are attained at different times than would 
appear from the raw data. A first schematic 
attempt at a possible re-interpretation of 
the raw data by analysis into two partial 
curves representing the individual photopic 
and scotopic mechanism is given in Figure 
12. 

It is also evident from this presentation 
that the electroretinographic dark adaptation 
curve cannot be entirely correct, if it is ob 
tained by measuring only the first positive 
elevation which later becomes the combined 
X- and b-wave, disregarding the growing 
positive second elevation, as has been done 
by some authors (Karpe and Tansley,” 
Riggs et al.,** Best,"* Alpern and Faris**). 
Measurements taken in this way yield a dark 
adaptation curve the first plateau of which 
is actually represented mostly by the cone 
response, at least during the first two or 
three minutes in the dark where the scotopic 
component is adding only an inappreciable 
amount of electromotive force. But the steep 


Fig. 12 (Auerbach and Burian). A_ possible 
analysis of raw data: 

a and a,': cone response 

and rod response 

X and X': response of intraretinal photopic 
pathway 

b and b’: response of intraretinal scotopic path- 
way 

a: a X b: electroretinographic reading 

a,’ individual photopic mechanism 

as’ b’: individual scotopic mechanism 


slope following this plateau represents 
the summation of the electromotive forces of 
the photopic and scotopic mechanisms. 

By the isolated measurement of the re- 
sponses of the two visual mechanisms from 
the raw data a truer picture is obtained: the 
photopic response (either a, or X) form- 
ing a plateau after approximately three to 
five minutes and the scotopic response 
(either a, or b) beginning with its initial 
threshold and crossing the photopic plateau 
after about 10 to 15 minutes (fig. 7). But 
the electroretinographic dark adaptation 
curve obtained by measurements which con- 
sider the different components, X, b, ay, 
and a,, from the raw data can also not give 
the correct dark adaptation curve because of 
the summation of the individual electromo- 
tive forces resulting from overlapping. 
The construction of a true electroretino 
graphic dark adaptation curve will, there- 
fore, have to await the mathematical analysis 
of the experimental data. 

Some comments must be added here con- 
cerning the evaluation of results obtained 
by the use of orange-red test lights. As has 
been mentioned in the introduction to this 
paper, Adrian,"' and later also Armington’* 
and Schubert and Bornschein,’® found re- 
sponses with two positive waves using a red 
test light. 

We performed a series of experiments 
using monochromatic light obtained both 
from a monochromator and from color fil- 
ters. The details of our results will be pub- 
lished later elsewhere. We wish here only to 
report experiments with Wratten color filters 
22, 29, and 70. 

1. With Wratten filter 29 (having a 
spread from about 610 my to the long wave- 
length end of the visible spectrum and a 
dominant wavelength at 632 mp) we obtained 
electroretinographic responses with three 
positive waves. The behavior of the first and 
second positive wave was identical with that 
of our X- and b-wave respectively after 
stimulation with a white test light; they had 
in addition the same peak latencies. We 
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Fig. 13 (Auerbach and Burian), Behavior of electroretinogram during course of dark adaptation using 
Wratten filter 29 (dominant wave length at 632 mu). There are one distinct negative wave (a,) and three 


positive waves: X, b, Lp. (“late positivity”). 


termed accordingly these two first positive 
elevations obtained by the use of red test 
light (W29) the X-wave (for the photopic 
response) and the b-wave (for the scotopic 
response); but our b-wave is not at all 
identical with the second wave of the au- 
thors mentioned above. Identical with this 
latter wave is our third elevation (“late posi- 
tivity”) which had a much longer peak la- 
tency (between 120 and 145 msec.) than the 
actual b-wave. This is completely in keeping 
with the latency of the corresponding wave 
in Adrian's, Armington’s, and Schubert and 
Bornschein's papers, which these authors 
ascribe to the scotopic mechanism and call 
the b-wave. 

The “late positivity” (fig. 13) developed 
gradually during the course of dark adapta- 
tion, not being present at all at the very begin- 


ning, but showing instead a deep negative 
afterswing. This negativity slowly 
until it reached the level of the base line 
after approximately five minutes in the dark. 
Later it grew fast, surpassing first the b- 
and then the X-wave in the ninth minute of 
dark adaptation, and developing eventually 
into a huge positive wave. The barely visi- 
ble a, never surpassed the a, during the 
whole course of dark adaptation. 

2. Using another red test light (Wratten 
filter 70, having a spread from 650 my to the 
long wave length end of the visible spec- 
trum and a dominant wave length of 676 
my) we obtained electroretinographic re- 
sponses of an altogether different shape 
(fig. 14). The fully established response 
from dark adapted eyes showed a first nega- 
tive wave (a,) and no a,, X, and b; but a 
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Fig. 14 (Auerbach and Burian). Similar experiment as shown in Figure 13, but using Wratten filter 70 


(dominant wave length at 676 mp). One negative wave (a:) and one positive wave (Lp. = “late posi. 
tivity’). 


Fig. 15 (Auerbach and Burian). Similar experiment as shown in Figures 13 and 14, bit using Wratten 
filter 22 (dominant wave length at 595 mu). Two negative waves (a, and a;), but a: does not surpass a, 
during dark adaptation. Two positive waves (X and b). No late positivity. 
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“late positivity” was present which had the 
same latency as the one for red test light ob- 
tained with Wratten filter 29 (125 msec.). 
This “late positivity” was not present at all 
during the first three minutes of dark adap- 
tation, then appeared slowly having first only 
a very small amplitude which increased con- 
siderably during the further course of dark 
adaptation. The a,-wave was after three 
minutes in the dark already fully established. 

In a protanomalous subject we did not 
obtain any response. 

3. With the use of Wratten filter 22 
(having a spread from 550 ma, to the long 
wave length end of the visible spectrum and 
and a dominant wave length at 595 mu) we 
did not obtain any “late positivity,” and the 
latencies of the X- and b-waves were 
in keeping with those found with Wratten 
filter 29 and with white test light (fig. 15). 
The only differences from the response ob- 
tained with white test light were that the am- 
plitudes of the positive elevation increased 
much faster, the b-wave already surpassing 
the X-wave after five minutes in the dark, 
and that a, did not surpass a, during the 
course of dark adaptation. 

We are led by these results to believe that 
the “late positivities” reported by Adrian, 
Armington, and Schubert and Bornschein, 
and confirmed by us are not scotopic b-waves, 
but we rather think that they belong to the 
photopic red response, As to whether we are 
dealing with the response of a red color 
receptor (especially with Wratten 70) could 
not be clarified as yet. 


SUMMARY 


1. The human electroretinogram consists 
of four distinct deflections, two negative ones 


(a, and a,) and two positive ones (X and b). 

2. The first negative (a,) and the first 
positive deflection (X) appear to belong to- 
gether to the photopic mechanism, the second 
negative (a,) and second positive deflection 
(b) to the scotopic mechanism. 

3. The relationship of these components 
of the human electroretinogram is such that 
at the beginning of dark adaptation a, > a2, 
X > b, while at later stages of dark adap- 
tation a, > a, and b > X. 

4. The two negative deflections might be 
attributable to a response of the receptor 
cells; a, to the cones, a, to the rods. 

5. The two positive deflections appear to 
be an expression of neural events, X of the 
photopic, b of the scotopic mechanism. 

6. Thus we are dealing in the electro- 
retinogram with two superimposed curves 
of slightly different latent periods, the first 
(a, X) being the photopic, the second (a, b) 
the scotopic response. 

7. The nature of the electroretinographic 
test permits one to establish the initial thresh- 
old of the scotopic response during the pho- 
topic phase of dark adaptation. A revision of 
the electroretinographic dark adaptation 
curve is indicated. 

8. Studies of the electroretinogram at 
various levels of light adaptation have shown 
that there is established for level 
a characteristic electroretinogram which is 
the expression of an equilibrium between 
bleaching and resynthesis of the photopig- 
ments, 

9. The third, late positive deflection ap- 
pearing in the electroretinogram when red 
test light is used is not a scotopic b-wave, 
but attributable to the photopic red response. 

Department of Ophthalmology, 

University Hospitals. 
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DISCUSSION 


De. H. Jacomson (New York): Does the 
author wish to comment upon the adaptation which 
was used? Was the patient im each case in com- 
plete darkness between test flashes? 

De. Geratp FE. Fonpa (Short Hills, New Jer- 
sey): Do you care to comment on the application 
to pathology ? 

Auerpacn (in closing): All our 
experiments in which we measured the electrical 
responses during the course of dark adaptation 
were performed in total darkness. In the other 
type of experiment where we had a constant sur- 
rounding illumination we were interested in de- 
termining the response at a steady-state 

Concerning the relationship of our results to 
pathologic evaluations: Of course, this was very 
interesting to us, but as it was first necessary to 
clarify the situation in normal subjects, we did not 
examine too many patients 

There are, as you know, two borderline condi- 


tions : the chromic simple glaucoma with a deterwra- 
tion beginning at the layer of the ganglion cells 
which might last a very long time, even if the 
eye 1s already blind, and retinitis pigmentosa where 
the rods and then the cones are probably the first 
to suffer. 

As to the former disease we obtain an almost 
normal electretinogram. The wnpulse is still con 
ducted through the intraretinal pathways; but 
when a descending atrophy develops the positive 
potentials become distorted 

Retinitis pigmentosa represents one of the most 
complex and difficult problems. Tentatively, how 
ever, we believe that, in the initial stages of this 
condition, the receptor cell layer (a, or a, plus a») 
may display a distorted response. The proper im- 
pulse conduction depends on the normal functioning 
of these cells. In this condition, as long as a nega 
tive response is obtained, that is, a response of 
the receptor cells, even though distorted, a dis 


torted positive potential will be observed. In the 
more advanced stages of retinitis pigmentosa the 
electroretinogram is extinguished. 

Perhaps it might be appropriate here to mention 
an observation we made in three patients. 

In one of them, both eyes became amaurotic 
hecause of a temporal arteritis approximately two 
weeks prior to our examination, In addition he had 
an hypertonic fundus with many exudates and 
hemorrhages. The electroretinogram during dark 
adaptation following an adaptation to white light 
of 2,650 mL was normal; it had a very similar 
picture to normal subjects. However, an instan- 
taneous negative deflection always appeared after 
an immeasurably short latent period which main- 
tained its amplitude during the entire course of 
dark adaptation. It was independent of the a:-wave. 


METABOLIC INJURIES 


Werner K. 
Buffalo, 


In recent years a number of chemical and 
physical agents have been tested as to their 
effectiveness upon the visual cell.’* Some 
of these agents injure the visual cell tempo- 
rarily and reversibly ; others produce visual- 
cell effects only in lethal doses; however, a 
small group of agents produces irreversible 
effects which are selective in the sense that 
the damage to the visual cell concurs with 
the survival of other cell populations of the 
retina and of the organism as a whole. 
Agents of this kind serve, by the injury 
they produce, in the analysis of properties 
of the visual cells and of relationships be- 
tween their structure and their chemical 
and biophysical functions. 

From an experimental consideration the 
visual cell has much to offer for an analysis 
of its properties by such means. The electri- 
cal reactions of these cells to stimulation by 
light allows the instantaneous determination 
of their functional state and provides a sensi- 
tive and easy method—electroretinography— 
for measuring at any time after exposure to 
injurious agents, the extent of the functional 
damage which has been produced. 


*From the Roswell Park Memorial Institute. 
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A similar fast negative deflection, but of much 
greater amplitude than in the above case, was ob- 
tained in two other patients having many pigmen- 
tary products at the internal layer of the retina. 
The a: a, X, and b were present in one of them 
though distorted; in the other one they were ex- 
tinguished. Again this deflection did not display 
any change in amplitude during dark adaptation. 

We wonder whether we can account for this 
deflection as a localized absorption of radiant energy 
by those products of degeneration before it triggers 
the series of events which begin in the receptor 
cells. If that would be true, it would provide us 
with the possibility of observing the condition of 
the retinal tissue independently of the visual re- 
sponse. 


OF THE VISUAL CELL* 


M.D. 
New York 


The progress of the effects of these agents 
and any recovery there from can be followed 
in almost a quantitative manner. Moreover, 
any damage which alters the histology of 
these cells can be detected readily due to 
the precise morphology of the visual cells, 
their orderly arrangement, their great uni- 
formity, and their lack of growth in adult 
higher vertebrates. 

Lastly, the very thinness of the retina and 
the ease with which it can be isolated as al- 
most a whole, facilitate biochemical studies, 
for imstance with the Warburg technique, 
so that three major disciplines of cellular 
biology can well be applied for studying the 
changes which have been produced experi- 
mentally. 

The morphologic effects offer the most 
reliable basis for the evaluation of other 
observations and measurements. Using con- 
ventional histologic methods (fixation by 
Zenker-acetic acid fluid and staining by 
hematoxylin eosin or phloxin) two types of 
injury to the visual cell can be distinguished 
in Our experimental material : 

In the first type of visual-cell injury the 
abnormal histologic appearance is primarily 
localized in the outer portions of the cell. 
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As illustrated in Figure 1, one finds degen- 
eration of outer and inner limbs. Early in 
this process the outer limbs lose the nar- 
rowness of their form and the distinctness of 
their borders; later, a faintly eosinophilic, 
almost homogenous material in the vicmuity 
of the inner limbs and vitread and the pig- 
ment epithelium are all that one may recog- 
nize as a remnant of the outer limbs. 

At this later stage the layer of the inner 
limbs also deviates distinctly from normal. 
Its normal regular appearance has been lost; 
the individual inner limbs differ in shape and 
position because of variations in the loca- 
tion of their ellipsoids and of variations in 
the thickness of their basal portion. The 
inner limb which signifies this type of de- 
generation in sections from albino rabbits 
has a thinned basal or intermediate portion 
and a broad, concave or clublike scleral end. 
The visual cell nuclei of the affected cells 
have changed little; they generally stain less 
intensely but their number may not be re- 
duced when the outer and many inner limbs 
have degenerated beyond easy recognition. 

The effect of intravenous sodium jodate 
is the most instructive example we found 


for this type of degeneration. The degenera- 
tive process of the outer portion of the visual 
cell is associated in this case with striking 
changes of the pigment epithelium. These 
changes include abnormalities in nuclear 
staining and form; cytoplasmatic swelling; 
increased number of epithelial cells; and 
complete disappearance. 

Following the course of iodate poisoning 
by recording the electrical phenomena across 
the eye globe early changes become evident 
in the form of a marked depression of the c- 
wave of the electroretinogram and of the 
azide-response of the d-c potential.*’ Disap- 
pearance or marked attenuation of the fast 
components of the electroretinogram (a- and 
b-wave) follows within a few days. The 
analysis of these electrophysiologic phe- 
nomena has brought forward evidence that 
the early electrical changes of the iodate 
effect depend upon the injury of the pigment 
epithelium.’ The late changes result from 
the destruction of the sensory organelles. 

It is inferred that the pathogenesis of the 
degeneration of the sensory organelles is re- 
lated to the injury of the pigment epithelium 
and that direct effects of the poison upon 


a 


Fig. 1 (Noell). Albino rabbit. Outer layers of retina on the fourth day after a single injection of 100 
mg. of sodium iodate. The outer limbs have almost completely deteriorated. The inner limbs are deformed 
to a varying degree. The outer nuclear layer shows no significant pathology. Hematoxylin-eosin, «770. 
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the sensory organelles are of minor impor- 
tance when low or moderate doses of iodate 
have been employed. There is evidence, both 
old and new, for the dependence of the 
rhodopsin system upon functions of the pig- 
ment epithelium. Furthermore, the pigment 
epithelium represents a cellular barrier be- 
tween the visual cells and the choroid. This 
barrier may protect the visual cell as sug- 
gested by changes in the slow potentials 
across the eye globe and may be essential 
in the maintenance of retinal homeostasis. 
We conclude from this that an abnormal 
chemical condition outside of the visual cells 
is possibly the main cause for the loss of the 
viability of the sensory organelles in this 
type of injury. 

The second type of visual cell injury is 
a sudden deterioration of all cell organelles 
in response to poisoning by chemical or phys- 
ical agents. The prototype of this injury is 
produced by intravenous iodoacetate in doses 
which affect only the most sensitive fraction 
of the visual cell population, 


WERNER 
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A few hours after the administration of 
the poison, the visual cell layer displays 
pyknosis, and swelling and deterioration of 
the sensory organelles. This cell death is se- 
lective in the sense that no significant his- 
tologic changes of other retinal structures 
including the pigment epithelium are present 
as long as the poisoning is not excessive. 
The end-result of this injury is the complete 
disappearance of the affected visual cells 
with the preservation of the other retinal 
layers (fig. 2). The outer retinal border is 
then formed by the outer limiting membrane 
in direct contact with the pigment epithelium. 

Because of its acuteness this injury must 
be considered a direct effect of the poison 
upon the metabolism of the visual cell. The 
selective manner in which this effect is pro- 
duced points to one or more exceptional 
metabolic properties of the visual cell which 
renders it specifically susceptible to this 
poison. The injury is, therefore, called “meta- 
bolic.” 

The essential characteristics of this meta- 


Fig. 2 (Noell). Albino rabbit. Retina two and a half months after a single injection of 20 mg. per kg. 
bodyweight of iodoacetate acid. The section is from a small area of visual cell degeneration in the ventral 
half of the retina, close to the central region. The visual cells have completely disappeared ; the inner layers 
are well preserved. There is no retinal distortion and practically no gliosis. Looplike glial fibers extend 
from and through the external limiting membrane toward the pigment epithelium. The separation of the 


retina from the pigment epithelium is artificial and has occurred during fixation. Hematoxylin-eosin, «620. 
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bolic injury are: (1) The almost simul- 
taneous histologic involvement of all por- 
tions of the visual cell and (2) the prefer- 
ential involvement of the rod cells to the 
extent that the effect of iodoacetate in the 
monkey shows the same distribution as in 
hereditary degeneration of the neuroepi- 
thelium (retinitis pigmentosa ). 

Two other procedures, quite different 
from poisoning by iodoacetate, have been 
found also to produce metabolic injury of 
the visual cells in adult animals: high in- 
tensity X-radiation® and oxygen poisoning.* 
These additional examples for selective vis- 
ual cell injury widen the scope of the ex- 
perimental efforts for the analysis of visual 
cell properties and also facilitate these ef- 
forts by enabling one to search for common 
factors which determine the death of the 
visual cell in these cases. In addition, these 
effects provide the opportunity to utilize the 
visual cell as a tool of cellular physiology 
and to quantitate, by visual cell reactions, 
basic biologic phenomena of the effect of 
these agents, findings of great medical in- 
terest. In the following, the most recently 
studied effect of high oxygen concentration 
shall be described in order to illustrate these 
points. 

The study of the effects of oxygen upon 
adult visual cells was stimulated by Gersh- 
man’s hypothesis that the primary mecha- 
nisms of action of high oxygen pressure are 
in part the same as those of ionizing radia- 
tion.” Since the visual cells of rabbits and 
other species are injured by high intensity 
X-radiation in a selective manner it was 
thought worthwhile to test this hypothesis 
by determining the sensitivity of the visual 
cells to high oxygen pressures. 

To this end, albino rabbits of two to three 
kg. body weight were exposed to oxygen 
pressures ranging from 350 mm. Hg at 
ambient pressure to 90 lb./sq. inch. Carbon 
dioxide was absorbed by soda lime and its 
chamber concentration kept close to a level 
less than 0.1 percent. The chamber tempera- 
ture ranged between 70 to 80°F. The animals 
were generally unanesthetized. Their electro- 


retinograms were recorded either continu- 
ously when fast effects were expected or in- 
termittently at pressures which produce their 
effects slowly. Reversible and irreversible 
changes were observed almost throughout the 
pressure range studied, Irreversible effects 
were most extensive after exposure to high 
oxygen concentrations at ambient pressure. 

The histology of this effect, 16 days after 
exposure to 100-percent oxygen for 40 hours, 
is illustrated by Figure 3. The great majority 
of the visual cells of this section have dis- 
appeared. The outer nuclear layer is reduced 
from normally four or five rows to one or 
two rows of nuclei. Outer limbs are not 
recognizable, whereas some stumps of inner 
limbs still project through the external limit- 
ing membrane from visual cells which have 
survived. 


Fig. 3 (Noell). Albino rabbit. Retina 16 days 
after exposure to 100-percent oxygen for 40 hours 
The outer nuclear layer is reduced to one or two 
rows of nuclei. The outer limbs have completely 
deteriorated. The majority of the immer limbs are 
also «uunrecognizable; other imner limbs have 
changed to short stumps. The pigment epithelium 
shows an increased number of cells. The imner 
layers are preserved. Hematoxylin-eosm, «630. 
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Fig. 4 (Noell). Albino rabbit. Retina 24 hours 
after a W-hour exposure to about 1,000 mm. Hg 
oxygen pressure. The outer nuclear layer is al- 
most completely pyknotic. Outer and inner limbs 
are markedly deformed and disintegrating. The 
inner layers are preserved. Mueller cells seem to 
move into the pyknotic outer nuclear layer. Hema- 
toxylin-eosin, «630. 


An earlier stage of this histologic effect is 
illustrated by Figure 4. It shows the typical 
picture of the metabolic injury of the visual 
cells between 10 and 24 hours after the 
onset of electroretinographic changes during 
exposure to high oxygen pressures. 

Almost the whole outer nuclear layer is 
pyknotic and the sensory organelles have 
completely deteriorated. The number of ele- 
ments in the outer nuclear layer is less than 
the number of nuclei which one normally 
finds in such section. Consequently autolysis 
of the missing nuclei must have already oc- 
curred at this stage. They probably were the 
first to become pyknotic. 

The histologic effect of oxygen poisoning 
shows a characteristic distribution over the 
retina which is practically the same as after 
poisoning with iodoacetate. In vertical sec- 
tions through the rabbit's eye (fig. 5) the 
most sensitive visual cells are located in the 


ventral half of the retina close to the central 
region. With prolonged exposure to oxygen 
poisoning, death of the visual cell spreads 
from this region first over a greater area of 
the ventral half and then over the other parts 
of the retina, but visual cells close to the ora 
serrata and to the optic nerve generally 
survived. At the present time we are still 
unable to decide whether this pattern of 
distribution is related to local differences in 
choroidal circulation or whether it manifests 
true metabolic differences within the visual- 
cell population. It is hoped that quantitative 
determination of visual cell sensitivity to 
X-radiation in the different retinal areas 
may decide this question. 

The electroretinographic change during 
exposure to high concentrations of oxygen 
at ambient pressure mainly consists of an 
attenuation of all waves. In order to quanti- 
tate this effect, the amplitude of the b-wave 
at different stimulus intensities was meas- 
ured and compared with its control amplitude 
under the same conditions of adaptation. A 
significant attenuation of the b-wave was 
manifest in about 70 percent of all animals 
tested at the 25th hour of exposure to 100- 
percent oxygen. At 36 hours of exposure 
practically all animals were affected and the 
b-wave had declined in the average to less 
than 30 percent of its control size. These 
changes were reversible to some extent when 
the animal was allowed to recover in normal 
atmosphere. In the average, recovery oc- 
curred for those changes which had devel- 
oped during the last six to 10 hours of ex- 
posure to 100-percent ©,. These data are 
put forward merely to indicate the great 
value of the electrical methods in quantitive 
determinations of an injurious effect. 

Irreversible effects of oxygen poisoning 
upon the visual cell were observed with oxy- 
gen concentration as low as 60 percent at 
ambient pressure. Seven out of 12 animals 
exposed to this concentration for seven days 
showed visual cell death over small to large 
retinal areas. Some pulmonary involvement 
(edema, hemorrhage ) was almost always as- 
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Fig. 5 (Noell). Schematic representation of the extent of the vivual cell degeneration in vertical sections 
through the eye after 100-percent oxygen. The drawings are based on the extent of damage im the outer 
nuclear layer which in the diagram is represented by the space between the two semicircular lines. Black 
areas indicate the dead visual cells (missing or pyknotic nuclei). At least a few nuclei have survived in 
every affected area of each retina. The data for b-wave amplitude were obtained prior to the preparation 
for histology, that is five to 18 days after the end of exposure. Exposures to ©, lasted for 30 to 48 hours 


as indicated. 


sociated with the retinal effect after exposure 
to oxygen at ambient pressure. It was very 
rarely, however, of such degree that the ani- 
mal was unable to survive the change to nor- 
mal atmosphere, not even in cases in which 
the great majority of the visual cells had 
been affected irreversibly. 

The pulmonary involvement probably ac- 
counts for the fact that despite the high 
sensitivity of the visual cell to oxygen it 
proved impossible to affect all cells irreversi- 
bly by prolonged exposure or to affect in any 
retinal area the cells to the same extent as 
with iodoacetate (fig. 2). At least parts of 
one row of the visual cell nuclei survived in 
almost all cases. Furthermore, among the 
surviving cells were apparently all those 


no-mally present which have a cone cell-like 
appearance as evidenced by a large nucleus 
and by a fine distribution of the nuclear 
chromatin. It is, therefore, concluded that 
the cone cells are more resistant to oxygen 
poisoning than the rod cells in the same man 
ner as they tend to resist the effect of iodo- 
acetate and X-radiation,** 

The surviving visual cells after oxygen 
poisoning show normal nuclei but markedly 
disformed sensory organelles (figs. 3, 6, and 
7). This abnormality of the outer portion of 
the visual cell can have the following two 
CAUSES : 

First, it may represent an atrophic process 
which is initiated by the degeneration and 
disappearance of the sensory organelles in 
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Fig. 6 (Noell). Albino rabbit. Same retina as 


in Figure 3. Section is from the midperiphery of 
the ventral half of the retina where visual cell 
death is less extensive than more centrally. The 
still surviving inner limbs are deformed in a simi- 
lar manner as after iodate. Hematoxylin-eosin, 
«690. 


the vicinity of the surviving one. One can 
easily imagine that the surviving outer and 
inner limbs are exposed to increased me- 
chanical stress when support by adjoining 
elements vanishes due to degeneration. 
Single limbs can obviously not effectively 
oppose the stress of the intraocular pressure. 
It has been outlined previously that this 
mechanical stress upon the surviving cones 
of the parafoveal and peripheral region in 
cases of selective rod cell degeneration pro- 
duces their shortening and broadening to 
the extent that the spaces normally occupied 
by the rods are refilled.* A similar atrophic 
process may account for the shortening and 
broadening of the inner limbs after poison- 
ing by oxygen. The same limb changes are 
observed also after iodoacetate when only a 
fraction of the visual cells has degenerated 
in any one area. 

The second cause for the isolated degen- 
eration of the sensory organelles may be 
similar to the one outlined for the effect of 
iodate. In fact, there is a great similarity in 


the appearance of these degenerating sensory 
organelles (figs. 6 and 7) with those after 
iodate administration (fig. 1). Such changes 
of the inner limbs are rarely observed after 
iodoacetate poisoning; they, however, com- 
monly occur after X-radiation in doses which 
do not produce cell death in all retinal areas. 
The changes of the sensory organelles after 
iodate poisoning were interpreted as to be 
caused by a disturbance of retinal home- 
ostasis. A similar explanation seems appro- 
priate for oxygen poisoning and X-radiation. 
Both types of visual-cell injury are thought, 
therefore, to participate in the histologic 
effects of oxygen poisoning and X-radiation. 

The following observations support this 
possibility: Oxygen poisoning produced ir- 
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Fig. 7 (Noell). Albino rabbit. Retina five days 
after exposure to about 65-percent ©, for 100 
hours. The section is from an area where visual- 
cell death does not involve more than one or two 
rows of nuclei. There is, however, a marked de- 
terioration of the outer and inner limbs. Note the 
inflammatory cells close to the internal limiting 
membrane and at the border of the outer limb 
layer. Hematoxylin-eosin, « 630. 
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ritation of the uveal structures in many 
of the animals, especially in those which 
were exposed to 60 to 85-percent O, for four 
days (80-percent O,) to seven days (60- 
percent O,). 

Edema of the iris and especially of the 
ciliary body was frequently found histo- 
logically for several days after oxygen poi- 
soning. Increased coloration of the intra- 
ocular fluids and of the iris by intravenous 
trypan blue administered at the end of ex- 
posure occurred in all animals tested in 
which the electroretinogram was affected, 
Abnormal protein precipitation was often 
present around the ciliary processes and 
within the vitreous ; monocytes had collected 
close to the internal limiting membrane. 

Large and small, single or multiple rosette 
formations which are typical for the iodate 
effect were revealed in the routine sections 
from 25 percent of the animals exposed to 
high oxygen at ambient pressure. They were 
mostly localized at the ora serrata (fig. 8). 
The same changes, but generally much more 
excessive (with the exception of rosette for- 
mations), were observed after X-radiation 
of the eye. The pigment epithelium after O, 
poisoning was only slightly affected histo- 
logically; there was slight cytoplasmatic 
swelling and some increased cellularity. 

The finding of the two types of visual 


cell injury in both X-radiation and oxygen 
poisoning further supports the supposed 
similarity of these effects. The type-1 injury 
deserves special recognition in quantitative 
determinations of these effects by means of 
electroretinography. The same reduction im 
a- and b-wave finally is produced by the 
isolated degeneration of the sensory organ- 
elles as by the death of the cells. However, 
quantitative relationships for the biologic 
effects of these agents should best be derived 
from measurements of their direct action 
upon the visual cells. 

As yet no conclusions have been reached 
as to the properties of the visual cell upon 
which its selective sensitivity depends, Noell 
and Pawel (unpublished) measured O, con- 
sumption and glycolysis of retinas which had 
been almost completely deprived of their 
visual cell population by intravenous ad- 
ministration of iodocetate three weeks prior 
to the chemical determinations (table 1). 
In comparison with normal controls it was 
found that retinas without visual cells have 
less glycolysis than normal retinas so that 
one may conclude that retinal glycolysis is 
especially a property of the visual cells. High 
glycolysis of the visual cell has been assumed 
previously for the explanation of the selec- 
tive effect of iodoacetate. 

Warburg measurements on retinas re- 


Fig. 8 (Noell). Albino rabbit. Two large rosettes close to the ora serrata. The rabbit was exposed for 
four and one-half days to 70-percent to 80-percent oxygen. The eye was removed 10 hours after the end 
of exposure (the rosette formation must have occurred during exposure). The b-wave was reduced to 
35 percent of the control amplitude. Visual-cell death did not extend to ora serrata. Hematoxylin-eosin, 
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TABLE 1 TABLE 2 
CONSUMPTION AND GLYCOLYSIS OF RETINAS CHEMICAL MEASUREMENTS 
DEPRIVED OF VISUAL CELLS 
Change 
(mg. dry weight) lodoacetate 
Normal retinas 21.2 33.2 | 0.5 hr. —78 
4.0 hr. —12 — 55 55 
Retinas without 24.0 hr. —42 —41 —40 
visual cells | 26.3 14.5 46.2 X-radiation 
0.5 hr. | 
4.0 hr. —42 +7 +3 
moved at different times after the adminis- 24.0 hr. — 50 _ ae ~§ 


tration of iodoacetate in doses which produce 
the death of the great majority of the visual 
cells further showed that retinal glycolysis 
is severely impaired immediately after the 
irreversibility effective (second) injection of 
the poison. Whether this alone or in con- 
junction with the reduction in O, consump- 
tion suffices to produce cell death we do not 
know. 

A similar study was performed after X- 
radiation of the retina which produced the 
same acute and irreversible failure of the 
visual cells. The electroretinogram tested 
prior to the removal of the retina was as 
abolished as after iodoacetate poisoning. 
With both agents (in the doses used) the 
histologic signs of visual cell death develop 
about six to eight hours after the disappear- 
ance of the electroretinogram. Table 2 shows 
that despite the similarities in the physio- 


logic and histologic effects, the chemical 
measurements differ appreciably. 

Glycolysis is obviously not involved to any 
great degree in the effects of X-radiation 
upon the retina. It is also very questionable 
that the measured reduction in O, consump- 
tion, which is of the same magnitude as 
acutely after iodoacetate, is the cause of the 
death of the visual cell population. Much 
more extensive biochemical studies, measur- 
ing other metabolic functions, are obviously 
needed to explain the physiologic effects. 
It is hoped that such studies will finally suc- 
ceed in defining the primary mechanisms of 
action of these and other agents upon the 
visual cell and that they will yield a better 
understanding of the normal functions of 
tltis remarkable cell. 

Roswell Park Memorial Institute. 


REFERENCES 


Noell, W. K.: 
35-126, 1952. 


Llectrophysiological study of the retina during metabolic impairment. Am. J. Ophth., 


2. : The impairment of visual cell structure by iodoacetate. J. Cell. Comp. Physiol., 40:25, 1952. 


3. -——— : Azide-sensitive potential difference across the eye bulb. Am. 


4. —: 


J. Physiol, 170:217, 1952. 


, Seudies on the electrophysiology and the metabolism of the retina. October, 1953. Project 


Report, USAF School of Aviation Medicine, Randolph Field, Texas. 


5. Noell, W. K., 
radiation. Federation Proceedings, 13:No. 1, 1954. 


Kichel, B., and Cibis, P. A.: Visual cells and pigment-epithelium after high intensity X- 


6. —— : Visual cell effects of high oxygen pressures. Federation Proceedings, 14:No. 1, 107, 1955. 
7. --: The origin of the electroretinogram, Am. J]. Ophth., 38 :*78, 1954 


8. Gershman, R. D., Gilbert, L. 


Nye, S. W., 


Dwyer, P., 


and “Fenn, W. O.: Oxygen poisoning and 


X-radiation : a mechanism in common. Science, 119 :623, 1954. 


- 


Discussion 


De. Discne (New York): Dr. 
Noell’s experiments are, | think, of great interest, 
not only from the point of view of the ophthal- 
mologist, but also from a more general biochemical 


point of view, first of all because of the great simi- 
larity of the effects of three such different factors 
as intravenous iodoacetate, oxygen poisoning, and 
In all such selective effects by dif- 


X -radiation 
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ferent agents, we can hope, on one hand, that we 
can learn something about the chemical structure 
of the affected cells; and, on the other hand, if we 
succeed in localizing these effects in such a cell, we 
can hope to learn something about their mecha- 
nism. 

Dr. Noell assumes, apparently, that the iodoace- 
tate effect is purely metabolic, that it is due to an 
inhibition of glycolysis which is one of the most 
chafacteristic and general effects of this compound. 
But, | think it would also be worthwhile to con- 
sider whether the iodoacetate does not liberate 
some iodine when it is injected into the body. 

We made some experiments years ago; and we 
found that if we add iodacetate to hemolyzed 
blood and incubate at 37 degrees we always get 
some liberation of iodine. lodine is a strong oxi- 
dizing agent, and it would be possible that its pro- 
duction is particularly high in the visual cells, due 
to specific local conditions. It is more difficult, I 
think, to visualize a direct selective metabolic effect 
against glycolysis. 

I do not know of any experiments which would 
indicate a higher sensitivity of the rods as com- 
pared with other tissues against iodoacetate. 

The striking parallelism between the effects of 
X rays and hich oxygen tension on the other hand 
would indicate that oxidizing radicals are formed 
by these oxidizing agents; and that they oxidize 
some specific structures in the cells as suggested 
by R. Gershman and her associates. 

There are two classes of compounds in cells 
which are generally considered as particularly sen- 
sitive to oxidizing agents; namely, SH-groups on 
proteis and certain unsaturated fatty acids. As 
was particularly shown by the experiments of 
Meade and Pennyrod, a saturated acid in lipids 
can also be attacked by high-oxygen tension 

A certain similarity of the mechanism of the 
effects of X rays and oxygen on the unsaturated 
acids and living cells can be deduced from the simi- 
larity of the protective effects of certain antioxi- 
dants in both these systems (Gershman et al.). 

All these would rather suggest that we should 
look whether certain phospholipids and partieu- 
larly lineproteims are not the point of attack of 
these strongly oxidizing agents. 

It has been found that the outer limbs of the 
rod contain formations which are interpreted as 
comb'nation of lipids with proteins and which ap- 
near as very prominent structures. | think that 
these elements may have something to do with the 
specific function. Of course, any damage to such 
structures would have a very considerable effect 
on survival of such a function of these elements. 

De. Davip G. Cocan (Roston, Massachusetts) : 
I would like to ask Dr. Wald if the vitamin A 
rhodopsin cycle is poisoned by iodocectate 

Dre. Grorce Warp (Cambridge, Massachusetts) 
Dr. Noell and I have talked about this before 

Actually, iodoacetate does not poison this sys- 
tem; yet it is a sulfhydryl system, and it is poisoned 
by more powerful and more specific sulfhydryl 
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reagents, such as para-chloromercuribenzoate 
(PCMB). 

1 think, with Dr. Dische, that the array of treat- 
ments which Ur. Noell has told us of in these very 
interesting experiments does make one think, 
throughout, of oxidations of easily oxidized groups 

Sulihydryl groups are among the first things 
one would think of. The problem is not to draw 
too specific or limited consequences from this pos 
sibility. Roughly half the enzymes known in bio- 
chemistry are sulfhydryl enzymes. These offer 
a multitude of points of attack; so that one might 
get quite different results for every different situa- 
tion which one tackles. I think that no one kind of 
effect is to be looked for from this source. 

The unsaturated fatty acids, of course, are very 
important, too. In the outer segments of the rods 
which have been analyzed, about 35 percent of the 
dry weight is a mixture of lipids, and these play a 
very important part in the microstructure. Their 
unsaturated fatty acids are easily oxidized, and 
sometimes promote the oxidation of other sub- 
stances catalytically, as in the lipoxidase system 

There is a third thought which | would like to 
suggest to Dr. Noell. That is that one of the real 
surprises in recent years has been the realization 
that, in a rod, the visual pigment (the rhodopsin, for 
example) is not merely something which happens 
to be there, but that a large part of the structure 
of a rod is rhodopsin; and, when something attacks 
the rhodopsin, the rod outer segment will visibly 
go to pieces. The outer segment and its rhodopsin 
are in large part the same thing; something of 
the order of 60 percent of the dry weight of a 
frog rod is rhodopsin. 

That would not be true of a cone. A cone has 
very little visual pigment, and the visual pigment 
must play a very small role in its structure. So, 
when we see situations (pathologic and experi- 
mental) in which the rods are much more suscepti- 
ble than the cones, one wonders a little whether 
one is not attacking the visual piement itself 

De. Zacwagtas Discne (New York): The 
sucgestion, Dr. Wald, that the SH-groups are 
affected, of course, comes up immediately in our 
minds when we think of the point of attack of 
oxidizing agents. It is striking, however, how 
little affected these SH-groups are in irradiation 
injuries of such structures as the lens. In investi- 
gations of Pirie, for example, only after many 
weeks was it possible to find a certain decrease in 
SH-groups of four SH enzymes in the lens 

On the other hand, the SH-groups of the lens 
proteins themselves, which are extremely active 
against many other oxidizing agents, and very 
labile. do not react at all in the first few weeks 
after irradiation. 

Therefore, I think that. although it has heen 
shown that irradiation affected SH-groups of 
enzymes and proteins in vitro, this has not heen 
shown very clearly in the case of living cells 
There may be a very great difference hetween the 
latter and in vitro systems. 
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On the other hand, experiments of Penrod and 
Meade are very suggestive, in the sense that the 
unsaturated fatty acids are perhaps still more 
sensitive, and react much more generally to X rays 
and high-tension oxygen. 


De. Daviw G. Cocan (Boston, Massachusetts) : 
The terminal half of the rod contains a periodic 
acid-Schiff positive substance which is easy to 
stain with the standard technique. If Dr. Wald is 
correct, and the effect is directly on this polysac- 
charide, it would be interesting to know if the 
earliest morphologic change were not a change im 
the Schiff-positive material. | wonder if Dr. Noell 
happens to have observed this in his threshold or 
subthreshold doses of iodoacetate or oxygen poison- 
ing ? 

De. Weener K. (in closing): I am very 
grateful to Dr. Dische and Dr. Wald for their 
suggestions. They gave me much to think about; 
and we, certainly, will follow up the points they 
made. 

Let me first say that I left myself a way out 
by stating that we do not know whether the effect 
of iodoacetate on visual cell glycolysis suffices to 
produce cell death. Inhibition of glycolysis is defi- 
nitely involved but other effects of iodoacetate may 
render this inhibition fatal and these effects may 
he even more decisive than the effect upon gly- 
coly sis. 

There are three essential phenomena of the 
“metabolic injury” which one must consider in 
relation to the mechanism of action of our agents: 

First, as was pointed out, the cone cells sur- 
vive. The explanation of our effects must, there- 
fore, provide a reasonable suggestion for the dif- 
ference in rod and cone cell susceptibility. 

Second, our “metabolic injury” is produced 
acutely; iodoacetate, for instance, produces a 
measurable and very rapidly progressing effect on 
the electroretinogram within 20 or 30 seconds after 
intravenous injection. | think that this limits our 


possibilities as to the mechanisms of action of 
these agents. 

Thirdly, the “metabolic injury” involves almost 
simultaneously all organelles of the rod cell. This 
is quite different from our type | injury of the 
visual cell in which the outer and inner limbs de- 
generate slowly. In the “metabolic injury,” the nu- 
cleus, the immer limb, and the outer limb show signs 
ot severe damage at the same time as if the agents 
had hit a vital point within the cell. What that 
vital poimt is, in a chemical or structural sense, 
| do not know. 

In short, | do not think that the “metabolic 
injury” can be explained by primary effects upon 
the rhodopsin system or upon any other component 
specific for the outer limb. Effects on the outer 
limbs are compatible with cell life; they do not 
produce cell death as does the “metabolic injury.” 
For instance, practically all outer limbs may be 
destroyed by injection of sodium iodate, but the 
visual cell nuclei may survive for one or two 
more weeks after the outer limbs have virtually 
disappeared. 

We looked at many retinas which were re- 
moved one-half hour after the injection of iodo- 
acetate for biochemical studies. Their color was 
nice, just as pink as it should be; they bleached 
as nicely and rapidly as the controls. So I assume 
rhodopsin was still there despite the fact that the 
poison had “paralyzed” the visual cells, that is, 
had rendered them unresponsive to stimulation by 
light. 

In answer to your question, Dr. Cogan, we have 
no evidence suggesting a threshold change in light 
sensitivity during the acute action of iodoacetate 
as long as all the visual cells still produce one 
component of the electroretinogram (for instance, 
during the short phase after iodoacetic-acid poison- 
ing in the rabbit when the b-wave has disappeared 
and the a-wave is still preserved). We observe 
changes later, when the population of reacting 
visual cells has decreased. 


AN EXPERIMENTAL STUDY OF THE ELECTRORETINOGRAM®* 


Ropert |. Davis, M.D., anp Perer Arnort, Pu.D. 
lowa City, lowa 


INTRODUCTION 


Our purpose in conducting this investiga- 
tion has been to study the electroretino- 
graphic changes during dark adaptation in 
the rabbit. 

The functional units of the electroretino- 
gram complex have been suggested pre- 
viously by several physiologic experiments. 
Among them is the work of Granit' demon- 
strating the progressive disappearance of 
the P,, P,, and P, waves under anesthesia. 
Granit also hypothesized that the positive 
electroretinogram voltage arose from the 
bipolar cells. More recently there has been 
the extensive investigation of Noell* in which 
he studied the electroretinogram following 
the intravenous administration of certain 
drugs to animals. 

Also an analysis of the composition 
makeup of the electroretinogram has been 
attempted in dark-adaptation experiments 
and in studies utilizing colored lights as 
stimuli. In 1945 Adrian® pointed out the 
existence of two positive waves in the rod- 
cone retina but obtained only one positive 
wave in the rabbit and other predominantly 
rod-retinas. He believed the first positive 
peak of an electroretinogram wave was an 
electrical manifestation of photopic vision, 
The later positive peak signified activity in- 
volved in scotopic vision. In 1952 Arming- 
ton, Johnson, and Riggs* described two 
negative waves. Bartley® suggested that the 
a-wave is a receptor cell response, In 1954 
Burian® related the second positive wave to 
dark adaptation and said that the dual posi- 
tive wave revealed both photopic and sco- 


* From the Department of Ophthalmology, Col- 
lege of Medicine, State University of lowa. This 
research was supported by a grant-in-aid from the 
Institute of Neurologic Diseases and Blindness, 
U. S. Public Health Service, and the Arnold 
Reuben Fight for Sight Fund of the National 
Council to Combat Blindness, Inc. 
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topic elements. Auerbach and Burian now 
postulate a direct relationship between the 
double negative wave of Riggs and_ the 
double positive wave of Adrian. Their con- 
tention is that a, fires the X or first positive 
wave and is a photopic phenomenon and 
that a, fires the b or second positive wave 
which is scotopic in nature. 

ur approach was to study the normal 
rabbit retina with three techniques: (1) 
Fundus photography, (2) histologic see 
tions, and (3) electroretinograms during 
dark adaptation, 

Following the study of normal eyes it was 
our intent to produce various changes in the 
retina with three different poisons: (1) 
Alloxan, (2) Neotetrazolium, and (3) 
Dithizone. 

Then we had hoped to investigate the 
damaged retina with the same techniques. 
PROCEDURE AND ResuLTs 
For our experimental subjects we selected 
25 adult albino rabbits and two gray rabbits 
with pigmented retinas, Our photographer 

and technical adviser was Lee Allen. 

With the exception of topical pontocaine 
no anesthesia was used to record electro- 
retinograms, This was to avoid any possible 
effect of general anesthesia upon the neural 
response. An attempt was made to make the 
rabbit as comfortable as possible to avoid 
movement artefact in the recording. The 
animal was restrained with foam rubber and 
placed on a table which had a light tight 
cover. Modified ear rings grounded the ani 
mal. The pupil was dilated by atropine. A 
special light weight lid retractor with a 
polyethylene irrigator was constructed of 
stainless steel to prevent the lids from wiping 
off the corneal electrode which was made of 
number-38 fine silver wire coated with silver 
conducting paint. This electrode proved so 
light and flexible that electrical artefact from 
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eye movement was reduced to a very low 
level. Construction details of these electrodes 
will appear in a future article. The “inactive” 
electrode was placed on the skin of the supra- 
orbital ridge. 

The sequence of events in obtaining the 
dark-adapted electroretinogram was as fol- 
lows. The period of light adaptation lasted 
10 minutes. The light was a G.E. 150-watt 
reflector spot lamp with a five-inch water 
filter. The animal and stimulating lamps were 
enclosed in a light-proof ventilated testing 
table. When the base line had settled, the 
flash tube was energized, This tube was a 
GR type 648 activated by a 400-volt dis- 
charge from a 10 microfared condenser. 
Both light sources were 17 inches from the 
eye. The initial flash could usually be pre- 
sented in 0.5 to 3.0 seconds after the begin- 
ning of dark adaptation though the response 
to this flash was too small to be measured in 
many cases. Subsequent flashes were pre- 
sented at the following intervals or as near 
them as the appearance of a steady base line 
permitted: every 30 seconds for the first 
five minutes; every minute for the next five 
minutes ; and every five minutes thereafter. 
Responses were amplified by an Offner type 
142 amplifier with time constant controls 
set for about one second. 


No attempt was made to make histologic 
sections on the eyes of rabbits given Dithi- 
zone. These rabbits either died at the time 
of injection from massive congestion of the 
heart by precipitated Dithizone or developed 
large swellings at the site of injection and 
continued to produce normal electroretino- 
grams. We cannot explain our failure in 
administering this drug. Large doses of 
Neotetrazolium, 6.0 cc., produced no changes 
in the electroretinograms. We hope to repeat 
this portion of our study administering one- 
half cc, per day as suggested by Dr. Good- 
win Breinan. 

Sections from retinas of the alloxan series 
appeared normal, although their electro- 
retinograms were grossly abnormal, The 
longest survival period after injection in 
this group was 11 days, which is apparently 
too short a time in which to produce observ- 
able neural degeneration. 

Histologic sections of the normal rabbit 
retina showed it to be a predominantly rod- 
retina. 

The fundus photographs were somewhat 
more informative, as may be seen in Fig- 
ure I, 

The electroretinograms of normal rab- 
bits generated during the course of dark 
adaptation revealed several changes. Figure 


Fig. 1 (Davis and Arnott). Fundus photographs before and after alloxan. The character of the choroidal 
vessels is apparent in the normal retina of the rabbit on the left. On the right is shown the fundus of the 
same rabbit following the administration of alloxan. There is considerable diminution in the number and 


caliber of the choroidal vessels. 


5 Sec 35 Min. 


Fig. 2 (Davis and Arnott). The 
normal growth of the electroetine 
gram during dark adaptation. (Rab- 
bit.) 
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2 depicts the normal growth of the electro- 
retinogram during dark adaptation. 

The following generalizations are based 
on our observations. The positive deflection 
increases in amplitude up to 30 or 6O min- 
utes. At from five to 20 minutes a second 
positive hump appears on the descending 
slope of the first positive wave. This second 
positive wave grows faster in magnitude than 
the first. The two positive deflections are 
about equal after one-half hour in the dark. 
The later positive hump then exceeds the 
first. Stability is then reached with this re- 
lationship constant. The amplitude is about 
300 microvolts. The negative deflection is ap- 
parent in from 15 to 30 minutes, It slowly 
increases in amplitude for 20 to 50 minutes 
after its appearance and then is constant. 

Figure 3 is a larger photograph of a 
normal dark-adapted tracing which shows 
the time relations between the flash and the 
various parts of the electroretinogram wave. 
At no time did a double negative wave ap- 
pear in our tracings. Dr. Burian, co-author 
of the previous paper concerning dual nega- 
tive deflections, has examined our recordings 
and agrees that the rabbit's negative response 
to an intense flash of light is single in nature. 
It would seem, then, that the double positive 
b-wave is not related in all respects to the 
double a-wave. Our single a-wave was to be 
expected, Histologically, the rabbit is pri- 
marily a rod animal. Discrimination color 
tests have shown the rabbit to be color blind. 


Previous investigators found only a single 
a-wave in the rabbit. What, then, is the 
physiologic explanation for a single a-wave 
with its subsequent dual positive b-wave and 
why does the relative magnitude of the two 
positive deflections change with dark adapta- 
tion in a scotopic animal? If the rabbit pos- 
sesses functional rods and cones, a dual a- 
wave might be expected. 

Many of our alloxan rabbits died without 
developing abnormalities in the electroretino- 
gram. However, some responded to light 
with only a positive wave and others with 
only a negative wave. Figure 4 may be con- 
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Fig. 3 (Davis and Arnott). Normal dark-adapted 
electroretinogram. (Rabbit, 80-minutes dark adap- 
tation. ) 
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Fig. 4 (Davis and Arnott). Positive deflection during administration of alloxan. 
(Rabbit, 13A, six days after alloxan.) 


veniently referred to as the alloxan-positive clines to zero at about 20 minutes. No nega- 
type. tive Wave appears at any time. 

A positive wave of reduced amplitude ap- This could be merely a normally shaped 
pears a few minutes later than the normal response so reduced in amplitude that only 
positive wave, Its growth is small; after the positive deflection is perceived. Disap- 
reaching a maximum at five minutes it de- pearance of this wave at 20 minutes is diffi- 
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Vig. 5 (Davis and Arnott). Negative deflection following administration of alloxan. 
(Rabbit 14, 11 days after alloxan.) 
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cult to explain. One guess is that vaso- 
constriction occurs in the dark-adapted retina 
which normally has little measurable effect 
but with the already present diminished 
blood supply of the alloxan rabbit we observe 
complete loss of measurable electrical re- 
sponse. A light initiated vasodilatory reflex 
might explain other experimental observa- 
tions. More often than not in our recordings 
b-wave amplitudes were not quite as great 
after prolonged dark adaptation as they were 
at 20 or 30 minutes. Austin Riesen’ found 
retinal circulation impaired and vision ir- 
reversibly damaged in animals raised in total 
darkness. 

Figure 5 is a photograph of the alloxan- 
negative type recordings. A negative wave 
appears at the same time as in normal ree- 
ords. It 1s similar in amplitude. Its duration 
is much greater approximating the duration 
of the entire normal electroretinogram, Pos- 
sibly the receptor cells in these rabbits were 


not damaged as severely as were other retinal 
layers. Our results here appear similar to 
(;ranit’s observations concerning P,. 
CONCLUSIONS 

Klectroretinograms from the rabbit, which 
has usually been considered a scotopic ant- 
mal, show, after prolonged dark adaptation, 
a single a-wave but a dual b-wave. Explana 
tions of the dual positive b-waves originating 
from dual negative waves appear inadequate. 

The positive wave of some rabbits with a 
diminished blood supply can no longer be 
elicited after prolonged dark adaptation. 
Possibly a light-initiated vasodilatory effect 
exists in the eye. Loss of the positive wave 
after 10 to 20 minutes of darkness may be 
the result of reduced circulation resulting 
from prolonged darkness and severe alloxan 
poisoning. 


University Hospitals 
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DISCUSSION 


De. Areexr M. Porrs (Cleveland, Ohio): This 
paper is of interest to all of us, because it repre- 
sents another attempt similar to some of the pre- 
ceding ones to analyze the electroretinogram into 
its components on an anatomic or on a physiologic 
basis. However, there are some cautions which 
should be given 

First, in regard to the use of the rabbit as a 
predominantly rod animal: On a statistical basis, 
the human is also a predominantly rod animal; 
there are other physiologic criteria which perhaps 
are more important than the histologic appearance 
of the retina. 

| would say that obligetory nocturnality would 
be one. The rabbit is not such an animal, The lack 
of Purkinje shift in the electroretinogram would 


be another criterion, and a maximum of a single 
spectral sensitivity curve at or around 507 milli 
microns would be still another criterion. 

An ammal which does fulfill these criteria is 
the Douracouli—the South American night monkey 
In some experiments on this animal conducted 
with Dr. Praglin in our laboratory the Douracouli 
im a peculiarly perverse manner, showed a double 
a-wave 

One might postulate a number of reasons for 
this, possibly two photosensitive rod-type pigments 
which have different rates of reactivity to light 
This cannot be entertained seriously without more 
evidence, but it is one distinct possibility 

The explanation of the dual effect from alloxan 
is a difficult one, unless one can demonstrate in the 
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same animal that the negative response which is 
presumably obtained from a small-dose effect is 
followed on additional doses by the low positive 
response. 

This low positive response of approximately 50 
microvolts could be distinctly measurable, perhaps, 
with other equipment; and with absence of noise 
might show a more detailed picture. 

Finally, in the case of the Dithizone experiment, 
we have had similar experiences in the past. This 
is presumably based on the insolubility of Dithi- 
zone, even in a solvent such as alcohol, and the 
tendency to form small, highly toxic emboli in the 
capillary circulation. 

De. Davin G. Cocan (Boston, Massachusetts) : 
If Dr. Davis told us what the histology was, | 
missed it. Could he tell us what the sections showed 


in the eye of that alloxan rabbit with obliteration 
of the electroretinogram ? 

Dae. Ropert J. Davis (lowa City, lowa): I did 
not mention the histologic changes, Dr. Cogan, be- 
cause we found no pathologic change in our sec- 
tions. We attributed this fact to the time factor. 
We did not feel that our animals had received the 
drugs over a long enough period of time to bring 
about a histologic change, although there was a 
physiologic change. 

That is essentially all we have to say about it. 
We realize there are some unanswered questions. 

Our experience with Dithizone was as Dr. Potts 
pointed out; we were unable to get it into solu- 
tion. It still remains a mystery to me how the 
Italian workers who initially performed this ex- 
periment were able to do it. 


STUDIES ON THE VISUAL TOXICITY OF METHANOL* 


ADDITIONAL OBSERVATIONS ON METHANOL POISONING 
IN THE PRIMATE TEST OBJECT 


Acnert M. Ports, M.D., Practin, M.D., Irene Farkas, M.S., Lowerr 
Oreison, M.D., ann Donatp Cuickerine, M.D. 
Cleveland, Ohio 


In a previous report from this laboratory,’ 
the complete parallelism between symptoms 
of methyl-alcohol poisoning in the human and 
in the rhesus monkey was described. In a 
subsequent report’ we told how the typical 
retinal edema, pupillary dilatation, and, in 
many cases, death occurred in methanol- 
poisoned monkeys even though the usual 
metabolic acidosis was completely prevented 
by administration of base. 

There are additional aspects of methanol 
poisoning in which the primate test object 
can be used advantageously to help clear 
up points still in some doubt. One of these 
areas of confusion deals with the histologic 
findings in the retina of methanol-poisoned 
animals, In the first paper, a review was 
presented of histologic findings in experi- 

* From the Laboratory for Research in Ophthal- 
mology, the Ophthalmology Service, Department of 
Surgery, and the Department of Pathology, West- 
ern Reserve University. Supported in part by grants 
from the U. S. Public Health Service, National 
Institute of Neurological Diseases and Blindness, 
and by the Lions Clubs of Ohio. 


mental animals without attempting a critical 
evaluation of the findings presented. Suffice 
it to say that there are equally vocal adher- 
ents of no retinal findings and of marked 
histologic changes in lower animals poisoned 
with methanol. Since these animals do not 
show the typical signs of human poisoning, 
and since the dose employed is excessive in 
comparison to the human or the monkey 
toxic dose, the point is perhaps an academic 
one. In the case of the single monkey re- 
ported by Birch-Hirchfeld* and those of 
Scott, Helz, and McCord,* there is no dis- 
crimination between findings in the monkeys 
reported and in the lower animals. 

In the cases of human methanol poisoning 
where eyes were studied histologically, there 
are similar Roe® claims 
marked changes in the ganglion cells of the 
12 patients examined by him; and in the case 
of one eye fixed rapidly 45 minutes after 
death, he claims to have controlled post- 
mortem changes. However, McGregor*® and 
Orthner’ assert with equal positiveness that 


discrepancies, 
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no typical changes are found in the retinas of 
individuals dying of methanol poisoning. 
Thus, it seems that histologic studies on eyes 
of valid experimental animals where supply 
is not a limiting factor and where ophthal- 
moscopic, clinical, and electric findings would 
all be available should prove of direct inter- 
est, 

Another aspect of the methanol problem 
was emphasized by the finding’ that despite 
combating of acidosis, a number of monkeys 
died in what appeared to be central nervous- 
system collapse. This once more opens the 
question of the cause of methanol death and 
makes advisable studies on the rest of the 
animal tissues and particularly the central 
nervous system. This consideration is under- 
lined by the reports of Dozauer* and of 
Orthner’ of symmetrical lesions in the puta- 
men of patients dying of methyl-alcohol poi- 
soning. Here again, arnple supplies of tissues 
from susceptible animals receiving methanol 
under controlled conditions would be highly 
desirable subjects for study. 

Finally, in order to bring to the study ad- 
ditional evidence on visual function, the use 
of electroretinography on the monkeys given 
methanol and its oxidation products would 
be highly desirable. It had been shown pre- 
viously® that cats and rabbits receiving mi- 
nute doses of formaldehyde exhibited 
marked accentuation of the negative a-wave 
and obliteration of the positive b-wave of 
the electroretinogram. For evident reasons 
it was desirable to investigate the reaction of 
the primate test object to methanol and its 
oxidation products. 

This report concerns the histologic find- 
ings in the eve, brain, and other tissues of 
monkeys receiving methanol and its degrada- 
tion products, and clectroretinograms on 
such animals, 


EXPERIMENTAL 
MetTuops 


Young adult rhesus monkeys were treated 
with methanol and with base as described 
previously.? In addition several animals were 


made acidotic by administration of am- 
monium chloride by stomach tube, and a 
number of other monkeys were given 
formate by the same route. Several animals 
were given formaldehyde by intravenous 
drip. 

At death eyes, whole brain, and samples 
of lung, heart, spleen, liver, kidney, intestinal 
tract, and muscle were removed and fixed 
in formalin, Eyes were imbedded in cel- 
loidin, other tissues in paraffin, and all were 
stained routinely with hematoxylin and 
eosin. Where indicated, sections were stained 
with Weigert’s myelin sheath stain. 

Electroretinograms were recorded as de- 
scribed in Paper IV of this sertes.” 


ResULTS 

The eyes of six animals which had re- 
ceived 6.0 gm./kg., that is 188 mM of methyl 
alcohol per kg., were examined histologically. 
In all of these eyes cystoid degeneration of 
the external nuclear layer was a constant 
finding. There is much question whether sig- 
nificance can be attributed to this particular 
phenomenon. Whereas this may be a histo- 
logic manifestation of the observed retinal 
edema, it may well be a post-mortem arte- 
fact. Only a more extended series of eyes 
with precise control of post-mortem times 
can answer this point. With one exception 
there were no observable changes in the 
ganglion cell layer of the retina despite the 
reports referred to previously, This ex ep 
tion was monkey No. 3 which alone of all 
the series lived as long as nine days, This 
animal had shown severe retinal edema, fixed 
and dilated pupils, and apparent blindness, 
but retinal edema had disappeared by the 
time of death. Histologically, this animal 
showed patchy demyelinization of the optie 
nerve and some questionable loss in numbers 
of ganglion cells in comparison to the other 
eyes examined. Photomicrographs of the 
retina and optic nerve of this animal are 
shown in Figures | and 2. These findings may 
be compared with those of monkey No. 40, 
which died in 23 hours of methanol poisoning, 
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Fig. 1 (Potts, Praglin, et al.) Retina of monkey 
No. 3. Ganglion cell and inner nuclear layers. 
(Severe ocular symptoms and nine-day survival.) 


showing marked retinal edema and positive 
clectroretinographic changes. 

The whole brain of three monkeys dying 
of 6.0 gm./kg. methyl alcohol was examined 
and in each of these marked changes were 
found. In monkey No, 31, the putamen was 
grossly involved and to a lesser degree the 
caudate nucleus (fig. 4). In monkeys No. 34 
and No, 36, the damage was again confined 
to the basal ganglia, but here the caudate 
nucleus seemed to have sustained the major 
damage, whereas damage to the putamen was 


Fig. 2 (Potts, Praglin, et al.). Optic nerve of 
monkey No. 3, showing demyelinization. 


Fig. 3 (Potts, Praglin, et al.). Retina of control 
monkey. Ganglion cell and inner nuclear layers. 


Fig. 4 (Potts, Praglin, et al.). Monkey No. 31, 
methanol. Gross section through basal ganglia 
showing necrosis and hemorrhage into putamen. 
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less significant. Brains of two monkeys dying 
of intravenous formaldehyde and two mon- 
keys given sodium formate 188 mM/kg. 
showed no such changes microscopically. 
The cells in the affected regions show large 
pericellular spaces. The largest neurons are 
pale and the nuclei are almost indistinguish- 
able from cytoplasm. The smaller neurons 
have distorted cytoplasm and_ eccentric 
pyknotic dark-staining nuclei and indistinct 
nucleoli. The intracellular substance of the 
brain seems coarsened and fibrillar, possibly 
due to local edema. Comparable sections of 
the brains of formaldehyde and formate 
animals showed no such changes. These 
findings are illustrated in Figures 5 and 6. 

Histologic examination of other tissues 
was performed in five monkeys dying of 
methyl-alcohol poisoning. In no case were 
any histologic abnormalities noted in heart, 
liver, kidney, lung, spleen, skeletal muscle, 
intestine, or pancreas. In one animal which 
received ammonium chloride in order to pro- 
duce acidosis, there were casts found in the 
collecting tubules of the kidney. In one ani- 
mal receiving formaldehyde intravenously, a 


Fig. 5 (Potts, Praglin, et al.) Microscopic section 
of putamen of monkey No. 31, showing degenera- 
tive changes. 
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Fig. 6 (Potts, Praglin, et al.). Comparable section 
of animal killed with formaldehyde. Normal sec- 
tion. 


focal chronic interstitial nephritis was ob- 
served in the kidney. That these are directly 
connected with ammonium chloride or for- 
maldehyde administration is certainly not 
proved although suggested by these findings. 
In other respects the tissues of formaldehyde 
animals, formate animals, and ammonium 
chloride animals were entirely normal. 

The electroretinogram was measured in 
seven monkeys dying of 6.0 gm./kg. of 
methyl alcohol, in three monkeys receiving 
formaldehyde by intravenous drip, and in 
three monkeys receiving doses of formate 
comparable to the methanol doses. In all 
three cases, the electroretinograms were simi- 
lar to those elicited in the lower animals, 
consisting of an accentuated negative a-wave 
and an absent b-wave. It should be noted 
that the effect in the methanol animals did 
net occur until the second day, that: is at 
20 to 3 hours after administration at a time 
when most of the methanol had left the body 
and when the eyes showed visible retinal 
edema. The formaldehyde and formate ef- 
fects were immediate, appearing within one 
to two hours, and obtainable instantaneously 
by the proper dosage of formaldehyde, as 
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reported previously, These results are illus- 
trated in Figures 7 and 8. 


DISCUSSION 


In regard to the histologic eye findings, 
one fact is outstanding. In our monkeys 
which showed or had shown severe retinal 
edema, severe changes in the electroretino- 


Fig. 8 (Potts, Praglin, et al.). Comparative effects of methanol, formaldehyde, and formate on the 
monkey electroretinogram. 


Fig. 7 (Potts, Praglin, et al.). 
Monkey electroretinogram before 
and 20 hours after administration of 
6.0 em./ke. methanol. 
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gram, pupillary dilatation, and apparent 
blindness, there were no marked findings. 
In the one animal which possibly showed 
changes in the ganglion-cell layer and cer- 
tainly showed them in the optic nerve sur- 
vival was an unusual nine days. It is beyond 
question that one of the late effects in human 
methanol poisoning is optic atrophy; and 
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since the optic nerve represents a collection 
of axons whose neurons reside in the gang- 
lion-cell layer of the retina, it is reasonable 
to expect degeneration of the ganglhon-cell 
layer of the retina as a primary finding. 
However, it is not necessarily reasonable to 
expect that any such degeneration detected 
by histologic methods need be visible at the 
time eye symptoms and ophthalmoscopie 
findings are at their peak. On the contrary, 
the lack of change seen in the ganglion cells 
is ample demonstration of the inadequacy of 
the histologic method in the face of far- 
reaching physiologic changes. Cell death does 
not in itself cause histologically detectable 
changes since all histologic examinations are 
done on dead material. It is only when cells 
are selectively dead long enough to allow 
degeneration to set in that the histologic 
method distinguishes these cells from their 
neighbors and offers a useful contribution. 
Such a situation obtained in the case of 
the brain of methanol-poisoned animals. 
Here, the time is apparently long enough for 
damage to the basal ganglia to be evident 
in Stained preparations, and in some cases 
even in gross specimens. None of the ani- 
mals in which brain findings were described 
was allowed to become acidotic. Thus, neither 
retina change nor brain change can be at- 
tributed to the effect of acidosis, One is ap- 
parently dealing with yet another specific 
metabolic effect of methyl-alcohol poisoning. 
It is important, too, to note that the animals 
which showed central nervous system lesions, 
namely the methanol animals, all showed the 
central nervous-system depression described 
previously, Several of the animals showed 
extensor rigidity and tremor, characteristic 
of basal ganglion lesions. This was particu- 
larly true in the case of monkey No, 3. 
Here, one has a clue for the first time to 
the cause of death after acidosis has been 
combated. Thus, methyl-alcohol poisoning 
unfolds itself as a complicated phenomenon. 
First, the narcotic effect of an extremely high 
dose may cause death of its own accord, and 
in this respect differs not at all from the 


other aliphatic alcohols. This is the only 
phase operative in experimental animals 
lower than primates. Second, the typical 
metabolic acidosis, 1f unrecogmzed and un- 
treated, may in itself cause death at a later 
time and after the typical latent period. 
Finally, even though neither of the first two 
phenomena may be operative with the dose 
too low for narcotic death and the acidosis 
treated with base, still a third cause of death 
may be the action of a metabolic product on 
the central nervous system manifested so 
far principally by the histologic findings im 
the basal ganglia. (Ine should note once 
more that the eye effects of methanol poison 
ing lie in this third phase. Thus, no thera- 
peutic procedure proposed to date can be 
adequate, since none takes cogmzance of this 
third metabolic poisoning——-presumably medi 
ated by a more proximal toxic agent, a 
metabolic product of methanol itself, 

The question presents itself whether the 
lesions seen histologically in the basal ganglia 
are an adequate explanation for the late 
death of the animals. There is little question 
that such lesions can adequately explam 
prostration, motor inco-ordination, extensor 
rigidity, and tremor observed in these mon- 
keys at various times. Whether these of 
themselves can cause death ts another matter 
and no final answer is possible because of 
our incomplete knowledge of the physiology 
of the basal ganglia. It should be noted that 
the brain stem was examined carefully for 
histologic changes with negative results, This 
of course does not exclude other central 
nervous-system changes——particularly those 
due to edema and consequent increased intra- 
cranial pressure ; we can only say no changes 
were found in our sections, 

The electroretinographic findings in the 
monkeys, as in the nonprimates, show, first, 
that the electroretinogram may be used as 
an additional indicator of methyl-aleohol 


poisoning. This agrees with the report of 
Karpe (in his discussion of Reference 5) that 
a similar electroretinogram is found im 
human methanol poisoning. Retinal edema, 
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pupillary effects, and electroretinographic 
changes correlate quite closely. Secondly, 
when one considers the doses needed 
to elicit the electroretinographic effect, 
the formaldehyde is, as before, by far the 
most potent agent. To date it has not 
been possible to reproduce the typical 
central nervous-system findings of methanol 
poisoning when formaldehyde is given, even 
by intravenous drip over a period of several 
hours. This is not too surprising, since here 
again time for cell death or selective cell 
death has not been allowed. Further, one still 
cannot at this stage be certain whether the 
proximal toxic agent affects the basal gang- 
lia more severely because it is manufactured 
most readily at that site, or whether the site 
is most susceptible to its actions. Experi- 
ments are now in progress to differentiate 
these two possible explanations. 


SUMMARY 


1. The only consistent early change in 
sections of retinas from methanol-poisoned, 


bicarbonate-treated monkeys is cyst for- 
mation in the external nuclear layer. This 1s 
despite marked ophthalmoscopic, pupillary, 
and electroretinographic changes. 

2. The only animal to show possible 
changes in the ganglion-cell layer of the 
retina was one which survived nine days. 
This animal also showed demyelinization of 
the optic nerve, 

3. Methanol-poisoned, bicarbonate-treated 
monkeys consistently showed edema and 
nuclear pyknosis in the basal ganglia par- 
ticularly the putamen and caudate nucleus. 

4. When ophthalmoscopic edema and pu- 
pillary dilatation set in in these animals, 
the electroretinogram shows a large a-wave 
and no b-wave. The same picture may be re- 
produced with appropriate doses of formal- 
dehyde and formate. 

5. The bearing of these findings on our 
present knowledge of methanol poisoning is 
discussed. 


The authors wish to acknowledge the technical 
assistance of Mrs. Violet Lima. 
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DiscuUSSION 


De. Georce Watp (Cambridge, Massachusetts) : 
I would like to ask Dr. Potts, though he may have 
told us, what area of the brain is involved in these 
lesions ? 


De. Atnert M. Porrs (Cleveland, Ohio): The 


area in the basal ganglia is more external than 
that. The putamen and caudate nucleus are in- 
volved. In Orthner’s cases, only the putamen was 
involved; in our cases, there was almost even dis- 
tribution between the putamen and caudate nucleus. 
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The whole brain was gone over carefully, and 
nothing else was tound lhustologically, except im 
this one area. 

The brain was fixed in formaldehyde wunmedi- 
ately after removal. 

Lm. HemMANN M. Burian (lowa City, lowa): 
| just want to ask Dr. Potts what light adapta- 
tion he used. 

De. Porrs: They were done in dark-adapted 
animals, ordinarily. 

De. Davin G. Cocan (Boston, Massachusetts) : 
| would like to ask Dr. Potts if the pupillary re- 
action would not also have been a satisfactory 
method of testing their visual function, rather than 
the electroretinogram, although I realize that, 
quantitatively, the electroretinogram might have 
been better. 

The other question | would like to ask is: “How 
does Ur. Potts account for the refractoriness of 
subprimate animals to methanol blindness?” Maybe 
he answered that last year. 

De. M. Ports (Cleveland, Ohio): In 
answer to the first question, the pupillary reaction 
is a little bit irregular. We have a number of 
animals which show retinal changes, good retinal 
edema with a submaximal pupillary response, but 
with a maximal electroretinogram response. In 
some cases, we get the so-called cogwheel pupil 
response rather than fixed dilatation. Last year we 
talked about this condition, in which the pupil 
comes up stepwise and comes down stepwise in 
reaction to darkness or light, respectively. 

As far as the explanation for the toxic *phe- 
nomena is concerned, this is difficult, of course. 
The obvious hypotheses are available: that local 
manufacture of the proximal toxic agent—let’s say 
formaldehyde, for the sake of argument—takes 
place selectively in the retina of the primate or 
in the liver of the primate, or that the retina of 
the primate is selectively susceptible to the effect 
of this toxic agent. 

We tend to favor the latter, because we had 


evidence of good manufacture of formaldehyde in 
rats when given (« methanol. 

De. Werner K. Novis (Buffalo, New York): 
In our experiments with the previously described 
poisons, we observe distinct histologic changes, and 
| am surprised that im the preceding papers, es- 
pecially in the experiments of Dr. Davis, normal 
histology was associated with slowly progressing 
failure of the electroretinogram. It may be that 
structural changes develop taster m the rabbit 
than in the monkey or that our conditions are more 
specific than those in the other rabbit experiments, 
but damage to the outer limbs is easily overlooked 
amd formalin fixation, for mstance, may not re- 
veal early necrosis of the visual cell 

De. Hermann M. Burtan (lowa City, lowa): 
In these experiments with anesthesia, where he got 
definite changes im the electroretinogram, would 
you suspect that there was a visible, detectable 
anatomic effect? 

De Weener K. (Buffalo, New York): 
Certainly not at all. It depends upon the duration 
for which the damage ts imposed upon the cell, 
Certainly, one will find nothing histologically if 
one examines an eye the electroretinogram of 
which has just been abolished by anesthesia or 
anoxia. 

But the case where the rabbit's electroretinogram 
has practically disappeared for several days, as 
shown, makes me wonder why there are no his- 
tologic changes. I would expect changes. 

Dm. Atsert M. Ports (in closing): As far as 
formalin fixation of the brain is concerned (which 
is the thing we talked about first) the control 
brains and the experimental brains were fixed in 
exactly the same way; so this is hardly a fixation 
artefact. 

In connection with the fixation of the eyes, we 
are doing a set of experiments now, using carotid 
injection in an animal at the peak of its symptoms. 
We will have some results from these studies in 
a while, but do not anticipate marked differences. 


RETINAL CHANGES FOLLOWING IONIZING RADIATION* 
Paut A. M.D." 


Saint Lowis, Missouri 
AND 
Davip V. L. Brown, 
Randolph lield, Texas 


Recent studies’ * presented evidence that 
X radiation of more than 2,000 r is sufficient 
to exert acute deleterious effects upon the 
neural structure of the adult mammalian 
retina, These manifestations of acute radia- 
tion retinopathy consisted of immediate and 
irreversible impairment or abolition of the 
electroretinogram (I.RG). Subsequent pyk- 
nosis and autolysis of the rod nuclei de- 
veloped and led to extensive atrophy and de- 
generation of the outer retinal layers without 
the intervention of phagocytes. Principally, 
the same changes have been observed in the 
retina of monkeys which had been exposed 
to other kinds of ionizing radiation as, for 
instance, Co”-gamma, neutrons, 
thermal neutrons, and a combination of Co*’- 
gamma and fission neutrons. 

At this time our presentation will be 
limited to a discussion of various phases of 
retinal changes produced by Co®-gamma 
radiation in two series and by mixed neu- 
tron-gamma irradiation in a third series of 
experiments. 

In the first series, 92 monkeys received a 
whole body gamma radiation of doses vary- 
ing from 500 to 30,000 r. 

In the series, a fixed dose of 
10,000 r Co®-gamma radiation was applied.® 
The was administered either to 
the head (group |) or to the body (head 
shielded) (group Il), or to the entire body 
including the head (group II1). Each group 
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consisted of 16 animals. In each group two 
were killed by decapitation at 
fixed intervals varying from two to 96 hours. 

In the third series, 25 monkeys were ex- 
posed to whole-body mixed neutron-gamma 
radiation at a ratio of 6:1. The doses em- 
ployed varied from 2,500 to 30,000 rep and 
were delivered at high rate from a swimming 
pool type reactor source. 

In series | and 2 the dose rate was ap- 
proximately 1,000 + 50 r/min. The eyes 
were enucleated as soon as the animals suc- 
cumbed. They were fixed in Zenker’s or 
Carney's solution and the microscopic sec- 
tions were stained with hematoxylin and 
eosin. 

Pathologic changes in the retina developed 


animals 


Fig. 1 (Cibis and Brown). Retina of normal 


(Zenker, hematoxylin- 


monkey (Macaca rhesus) 
eosin, 380.) 
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Fig. 2 (Cibis and Brown). Same retina. Nuclei 
of rods and cones magnified 1,800. (Zenker, 
hematox ylin-eosin. ) 


Fig. 3 (Cibis and Brown). Beginning pyknosis 
of rod nuclei two hours following whole body ex- 


posure to 10,000 r Co” 


-gamma radiation. 
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only in those cases in which the eyes had 
been exposed directly to radiation. No 
changes were found in the group of animals 
receiving whole body radiation with the head 
shielded. The appearance of the acute radia- 
tion retinopathy in the various experiments 
was essentially the same as that observed in 
eyes exposed to equivalent doses of X rays.* 
The main features of microscopic changes 
observed may be described by the following 
series of pictures, 

Figure | depicts the retina and choroid of 
a control eye. A higher magnification (fig. 
2) reveals the normal appearance of the 
chromatin structure of rod and cone nuclei. 
As early as 19 minutes following exposure to 
30,000 rep mixed neutron-gamma radiation, 
25 percent of the rod nuclei exhibited signs 
of beginning pyknosis. At this dose level, 
70 percent of the rod nuclei were pyknotic 
at 30 minutes, 100 percent at 1.5 hours fol- 


Fig. 4 (Cibis and Brown). Complete pyknosis 
of about 70 percent of rod nuclei and of about 
25 percent of the nuclei of bipolar cells four hours 
following whole body exposure to 10,000 r Co” 
gamma _ radiation. (Zenker, hematoxylin-cosm, 


200.) 
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Same retina as in 


Fig. 5 (Cibis and Brown). 
Figure 4. Outer nuclear layer magnified x 1,800. 
Pyknotic nuclei surrounded by edematous cyto- 
plasm. (Zenker, hematoxylin-eosin. ) 
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Fig. 6 (Cibis and Brown). Pyknotic and edema- 
tous outer nuclear layer of monkey retina 17 hours 
after whole body exposure to 17,000 rep mixed 
neutron-gamma radiation. Note edema and ad- 
vanced disintegration of bacillary layer. Pigment 
epithelium slightly damaged. (Zenker, hematoxylin- 
eosin, 270.) 


CIBIS AND DAVID V. L. 
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lowing exposure. When Co”-gamma radia- 
tion of equivalent dose was employed, the 
latent period of pyknotic changes in the rod 
nuclei was somewhat longer (two to three 
hours, fig. 3) and more than 70 percent of 
the rod nuclei were found completely pyk- 
notic four hours following exposure (fig. 4). 
The nuclei appeared as contracted and mis- 
shapen isolated plugs surrounded by a clear 
zone of edematous cytoplasm (fig. 5). In 
general, pyknosis seemed to be complete 
within four hours following exposure. 

Edema of the outer retinal layers usually 
developed concurrently with the karyo- 
pyknosis or slightly later. The peak of the 
edematous changes in the outer retinal lay- 
ers was reached 48 to 72 hours following 
exposure. Onset and progression of the 
retinal edema were, in general, in proportion 
to the doses employed. 

Figure 6 illustrates the retina of a monkey 
killed 17 hours after exposure to 17,000 
rep mixed neutron-gamma radiation. An ad- 


Fig. 7 (Cibis and Brown). Monkey retina 12 
hours after exposure to 10,000 r gamma radiation. 
One hundred percent pyknosis of rod nuclei. 
Normal-appearing cone nuclei with elongated and 
shrunken inner and outer members. Rod members 
swollen, disintegrated, or liquefied. (Zenker, 
hematomplin-cosin, 1,800.) 
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RETINAL CHANGES 


vanced stage of pyknosis and edema of the 
outer retinal layers was evident. Figure 7 
represents the condition of the retina as it 
appeared 12 hours after exposure to 10,000 r 
gamma radiation. There was 100 percent 
pyknosis of the rod nuclei present and the 
advanced edema of the outer retinal layers 
was associated with destruction of the bacil- 
lary layer including the cone members, The 
cone nuclei, however, were easily distin- 
guished with apparently normal structure 
and slightly elongated shape. 

Figure 8 illustrates the condition as it ap- 
peared 13 days after exposure to 6,000 r 
gamma radiation to the head. There was ad- 
vanced atrophy and degeneration of the outer 
nuclear layers. Only a few pyknotic rod 


Fig. 8 (Cibis and Brown). Monkey retina 13 
days after exposure to 6,000 r Co*-gamma radia- 
tion to the head. Advanced degeneration of the 
outer nuclear layers. Only a few pyknotic nuclei 
remained. Normal appearance of inner nuclear and 
ganglion cell layers. (Zenker, hematoxylin-eosin, 
400.) 
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Fig. 9 (Cibis and Brown). Pyknotic bipolar and 
damaged ganglion cells in monkey retina four hours 
following exposure to 30,000 rep mixed neutro- 
gamma radiation. (Zenker, hematoxylin-eosin, 
« 395.) 


nuclei and a single layer consisting of a cone 
nuclei remained. 

Doses of ionizing radiation surpassing 
10,000 r directly affected some of the bipolar 
cells, Doses exceeding 30,000 r or rep usually 
directly affected all three types of neurons in 
the retina (fig. 9). 

Occasionally vascular changes in the retina 
and choroid were present and superimposed 
hemorrhagic and exudative phenomena upon 
the picture of the previously described acute 
radiation retinopathy, Nevertheless the 
edematous changes were usually restricted 
to the outer retinal layers whenever the 
radiation had been administered to the eye 
or head, provided the animal had been 
killed before circulatory failure and other 
circumstances of general radiation sickness 
complicated the picture. 
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The early changes in radiation retinopathy 
were characterized by an immediate in- 
hibitory effect on the function of the rod 
cells and the appearance of histopathologic 
changes after 19 minutes to four hours. This 
differed essentially from the late radiation 
retinopathy resulting from induced aplastic 
anemia and agranulocytosis or abiotrophic 
conditions. 

This late type of radiation retinopathy was 
described by Schlaegel* and Flick’ among 
the casualties of Nagasaki and Hiroshima. 
The retinal changes in those cases were 
usually of vascular origin and located in the 
imner retinal layers rather than in the outer. 


Su M MARY 


The histologic manifestations of acute 
radiation retinopathy were studied in a total 
of 165 monkeys (Macaca rhesus) which 
were exposed to high intensity gamma or 
mixed neutron-gamma radiation. The radia- 
tion, varying in dosage from 500 to 30,000 r 
or rep, respectively, was applied either to 
the head, whole body, or the body with head 
shielded. 

The differentiation of the acute from the 
late form of radiation retinopathy has been 
discussed briefly, 


USAF School of Aviation Medicine. 
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THE ASTROGLIA OF THE HUMAN RETINA* 


‘AND OTHER GLIAL ELEMENTS OF THE RETINA UNDER NORMAL AND 
PATHOLOGIC CONDITIONS 


J. Reimer Worrter, M.D. 
Ann Arbor, Michigan 


Previous neurohistologic investigations of 
the retina of the human eye were primarily 
concerned with the ganglion and nerve ele- 
ments, but largely neglected the elaborate 
system of glia by which the neurons of the 
retina are supported as are neurons in gen- 


eral. With the exception of the radial fibers 


*From the Laboratory of Neuropathology and 
Neuro-Ophthalmology, Neuropsychiatric Institute 


University of Michigan. Supported by a grant-in- 
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of Miller, not much is known about the glia 
of the retina under normal and pathologic 
conditions. Friedenwald' stated: “Unfortu- 
nately, few extensive studies have been made 
on the retina with special stains developed 
in the past 20 or 30 years to demonstrate 
neuroglia and microglia.” 

This gap in our knowledge was due to 
technical difficulties. The conventional histo- 
logic procedures or the older metallic im- 
pregnations were not suitable for visualiza- 
tion of the glia. However, some of these 
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difficulties were recently overcome by Schar- 
enberg? who prefected the silver carbonate 
technique of del Rio Hortega and developed 
a modification which is simple and reliable 
and permits impregnation and microphoto- 
graphic recording of the astroglia of the 
central nervous system including the retina, 
under normal and pathologic conditions. 

It is the purpose of this contribution to 
describe the normal astroglia of the human 
retina and some of its typical changes in 
pathologic situations of the eye. We shall 
mention also several other types of glia which 
have not been previously demonstrated in 
the human retina. 


HISTOLOGIC DESCRIPTION 


a. NorMAL FINDINGS 


The order of description follows the lay- 
ers of the retina proceeding from the inner 
to the outer layers. 

The inner limiting membrane is considered 
to be an acellular product of the retina ( Kol 
mer*). This membrane is intimately con- 
nected with the radial fibers of Miller, the 
brushlike inner ends of which find a firm 
anchorage in it and penetrate the retina 
radially (figs. 1 and 4). The inner surface 
of the inner limiting membrane is partly 
covered by a discontinuous sheet of scattered 
flat cells with long interconnected processes, 
the nature of which is still obscure ( Frieden- 
wald’). The radially arranged elements of 
Miller form the skeleton of the retina while 
more delicate glial elements are woven hori- 
zontally into it; both structures together sup- 
port the neurons and the blood vessels. 

In the layer of the optic-nerve fibers which 
are not myelinated, we were unable to find 
astroglia. However, there are numerous bi- 
polar glial elements with an elongated nu- 
cleus and two long, thin, and straight 
processes which accompany the nerves, but 
have apparently no connections with the 
brushlike inner ends of the elements of 
Miller (figs. 1, 2, and 3). These bipolar 
cells are identical with the elements of Remak 
or lemmocytes (del Rio Hortega*t). They 


Fig. 1 (Wolter). Lemmocyte (fiber of Remak) 
of the nerve-fiber layer of human retina (arrow) 
The nerve fibers are not impregnated. (b) Parts 
of the brushlike inner ends of the elements of 
Miller. (Horizontal section, Hortega method, 
photomicrograph, 900.) Inset: Reconstruction 
showing the arrangement of the lemmocytes in the 
nerve-fiber layer (1D). (A) Inner limiting mem- 
brane. (B) Ganglion-cell layer. (C) Elements of 
Muller. 


are not astrocytes and their nature and sig- 
nificance will be discussed in a subsequent 
part of this paper. These elements were not 
found in the area of the optic disque which 
contains numerous astrocytes with long and 
branched processes (spider cells). 

Besides regular lemmocytes as described 
above, there are transitional cell forms be- 
tween lemmocytes and astrocytes at the limit 
of the nerve fiber layer and ganglion-cell 
layer. These transitional cells may be found 
between regular lemmocytes. Usually they 
possess more than two processes; they are 
not spindle-shaped but star-shaped (fig. 
2-A) and/or form footlike endings on the 
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Fig. 2 nova Transitional os from lemmocytes to astrocytes at the limit between nerve-fiber 
layer and ganglion-cell layer. (A) Shows two star-shaped lemmocytes (arrows) beside a regular lem- 
mocyte (a). (B) Shows a lemmocyte the process of which ends with a footlike formation on a blood 
vessel (arrow). (Horizontal sections, Hortega method, photomicrograph, 900. ) 


wall of blood vessels (fig. 2-B). These mor- 
phologic characteristics are present in astro- 
cytes but not in the typical lemmocytes. 
In the ganglion-cell layer there are many 
well-differentiated astrocytes of a definite 
type. These are star-shaped elements with 
a round nucleus and several long and slender 
processes which maintain an intimate and 
very characteristic relationship to the blood 
vessels (fig. 5) and to the neurons (figs. 3 
and 4), The astrocytes are arranged hori- 
zontally (fig. 4), surround the vessels with 
a dense network of fibers, and form archlike 
structures parallel to the vessel wall (fig. 
5). Between the vessels of this layer, numer- 
ous long processes (glial fibers) of the astro- 
cytes form an interconnected, honeycombed 
structure of a remarkably regular pattern 
which surrounds the nerve cells with a pro- 
tective and supporting network (figs. 3, 4, 
and 5). This network of the astroglia is 
definitely placed at a right angle to the 
coarser structures of the radial fibers of 
Miiller, which as previously stated are ar- 


ranged radially (fig. 4, also inset fig. 3). 

In the inner plexiform layer there are 
numerous astrocytes which are very similar 
in type to those of the ganglion cell layer. 
They are also star-shaped, their processes 
are numerous, long, and branched, they cross 
each other repeatedly, and form a dense, 
horizontally arranged network ; but the pat- 
tern of this network is irregular and differs 
greatly from that of the astrocytes of the 
ganglion cell layer (fig. 6). These astrocytes 
also show an affinity to the blood vessels on 
the walls of which their processes form foot- 
like formations (fig. 6). 

The inner nuclear layer contains no astro- 
cytes of its own, but numerous processes of 
the astroglia of the inner plexiform layer 
enter it with the blood vessels (fig. 7). The 
absence of astrocytes in the inner nuclear 
layer is not surprising since most of the 
space between the neutrons is occupied by 
the bodies of cells of Muller which are con- 
sidered to be modified astrocytes ( Marche- 
sani®) or ependymal cells (Kolmer’ ). 


Mele 


Fig. 3 (Wolter). Dense network of processes 
of the astrocytes in the ganglion-cell layer of the 
human retina connecting blood vessels (b) and 
ganglion cells (a) which are only faintly impreg- 
nated. (Horizontal section, Hortega method, photo- 
micrograph, 600.) Inset: Reconstruction show- 
ing the arrangement of the astroglia of the ganglion 
cell layer (B). (A) Inner limiting membrane. 
(C) Fibers of Miller. 


Fig. 4 (Wolter). Shows the 
honeycombed network of the astro- 
cytes (a) and the radially arranged 
brushlike immer ends of the fibers 
of Muller (b) im a_ horizontal 
section of the ganglion-cell layer. 
(Hortega method, photomicro- 
graph, « 500.) 


Fig. 5 (Wolter). Architecture of the processes 


of astrocytes around a blood vessel of the ganglion- 
cell layer. (c) Faintly impregnated ganglion cells. 
(Horizontal section, Hortega method, photomicro- 
graph, « 500.) 
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Fig. 6 (Wolter). Astrocyte (arrow) of the inner 
plexiform layer of human retina with its long and 
branched processes. One process ends on the wall 


of a small blood vessel (a). (Horizontal section, 
Hortega method, photomicrograph, «900.) Inset. 
Reconstruction of the arrangement of the astroglia 
in the inner plexiform layer (f). (A) Inner limit- 
ing membrane. (B) Ganglion cell layer. (C) Fibers 
of Miller. 


In the outer plexiform layer the astroglia 
stain-modification of the  silver-carbonate 
technique shows a dense interlacing network 
of fibers which probably represent processes 
of astroglia peculiar to this layer; but these 
fibers could not definitely be traced to the 
cell bodies (fig. 8). There is no reason to 
identify these fibers with processes of gang- 
lion cells or of the elements of Miller. 

In the outer nuclear layer and in the layer 
of the rods and cones. we could only trace 
the outer structures of the clements of Miil- 
ler, which form the outer limiting membrane 


and the fibrillar baskets. However, no astro- 
cytes were found. 

In addition to the perivascular arranged 
astrocytes as described above, we found in 
the ganglion-cell layer and in very close 
proximity to its vessels, an entirely new type 
of cell of a very complex structure. This cell 
has an elongated body placed on the vessel 
wall and numerous powerful processes which 
surround the vessel with irregularly spaced 
rings or spirals (fig. 9). These elements seem 
to be present throughout the other layers of 
the retina as well. They are similar to the 
spirocytes of del Rio Hortega’:* and Schar- 
enberg.’ 


b. PATHOLOGIC FINDINGS 


The order of description of the pathologic 
findings on the glia of the human retina fol- 
lows——-so far as possible—the layers of the 
retina proceeding from the inside to the out- 
side. 

The peculiar flat cells on the inner surface 
of the inner limiting membrane which have 
been mentioned above and which we tend to 
consider as glial elements, are extensively 
increased and hypertrophic in different path- 
ologic situations; for example, occasionally 
in inflammatory or degenerative involve- 
ment of the retina. 

The lemmocytes of the nerve-fiber layer 
seem to be relatively passive in the patho- 
logic occurrences of the retina. Their de- 
struction seems to be their only visible mor- 
phologic reaction to retinal damage and 
usually occurs together with the degenera- 
tion of the nerve fibers. We never found 
hypertrophic or proliferating lemmocytes. 
As glial scar formation follows the break- 
down of the nerve elements of the retina, the 
lemmocytes are no longer present in the area 
of the nerve fiber layer but proliferating 
astrocytes of the ganglion cell layer usually 
grow into it (fig. 13). 

The pathology of the astroglia of the 
ganglion cell layer and that of the inner 
plexiform layer are very similar and may 
therefore be described together, Under se- 
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* a. 


Fig. 7 (Wolter). Processes of astrocytes of the inner plexiform layer (a) which enter the inner nuclear 
layer (b) with a small blood vessel (c). The vessel wall is not impregnated but the row of erythrocytes is 


visible. (Hortega method, photomicrograph, « 600.) 
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Fig. 8 (Wolter). Dense interlacing network of fibers which probably represent processes of astrocytes 
peculiar to the outer plexiform layer (b) of human retina. (a) Inner nuclear layer. (c) Outer nuclear 


layer. (Hortega method, photomicrograph, « 600.) 


vere pathologic conditions of the retina with 
proliferating and hypertrophic astroglia, we 
have been unable to distinguish the reactive 
forms of these two only slightly different 
types of astrocytes, 

Within this contribution, the description 
of the pathology of the astroglia cannot be 


complete. But we can give examples of the 
main types of reactions since the changes of 
the astroglia are unquestionably nonspecific. 
These main reactions are: Hypertrophy and 
proliferation, scar-formation, degeneration, 
and complete destruction. 

Figure 10 shows an astrocyte of the retina 
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Fig. 9 (Wolter). Glia element of the perivascular type surrounding a blood vessel of the ganglion cell 
layer of human retina. (a) Spiral-shaped process. (b) Cell body. (c) Handlike structure on the vessel 
wall which represents another process. (Hortega method, photomicrograph, x 500.) 


Fig. 10 (Wolter). Hypertrophic astrocyte in a 
retina of an eye with absolute glaucoma which 
shows complete breakdown of the neurons. The 
hypertrophic cell is about four times as big as a 
normal astrocyte and sends long, branched processes 
into the tissue. (Horizontal section, Hortega method, 
photomicrograph, 600.) 


of an eye in which absolute glaucoma had 
relatively shortly developed. The neurons of 
this retina were found to be completely 
broken down but there was an immense 
hypertrophy and proliferation of the astrog- 
lia. Extremely large astrocytes were noted 
and their long and branched processes were 
seen to form a dense, irregular netwurk 
which filled the space of the broken down 
neurons (fig. 10). In the area of the virtually 
completely destroyed pigmented epithelium, 
the processes of the hypertrophic cells were 
arranged in a wall-like formation of es- 
pecially dense fibers ( fig. 11). Figures 10 and 
11 represent typical astroglia of the retina 
within the phase of hypertrophy and pro- 
liferation which immediately follows the de- 
struction of the neurons in many pathologic 
situations. 

After resorption of the broken-down neu- 
rons, the astroglia in many cases survives 
and forms glial scar. Within this scar we 
found very irregularly shaped astrocytes. 
They may form for example the so-called 
“giant astroyctes” (fig. 12) which repre- 
sent large cells with a big and irregular nu- 
cleus and long and branched processes. How- 
ever, most of the astrocytes within retinal 
glial sear shrink to their previous normal 
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Fig. 11 (Wolter). Processes of another astrocyte (a) of the same retina as in Figure 10. These 
processes form a dense, wall-like formation against the choroid in the area of the broken-down pigmented 
epithelium of the retina; (b) retina, (c) choroid. (Hortega method, photomicrograph, « 600.) 


Fig. 12 (Wolter). Giant astrocyte with many long 
processes at the edge of a glial scar in a degenerated 
retina of a very old man. (Hortega method, photo- 
micrograph, x 500.) 


size or even smaller after the hypertrophic 
phase. Then the cell body is almost invisible 
and the long processes (glial fibers) mainly 
represent the scar, forming an irregular and 
dense network (fig, 13). 


Fig. 13 (Wolter). Glial sear im the area of the 
immer layers of the retina in a case of old absolute 
glaucoma, (a) Inner limiting membrane. (b) Dense 
network of glial fibers (processes of astrocytes) in 
the area of the nerve-fiber layer, ganglion-cell layer, 
and inner plexiform layer. The ganglion cells of the 
ganglion-cell layer have completely disappeared. 
(Hortega method, photomicrograph, 400.) 


In primary or secondary degeneration of 
the retina there may be hyaline degeneration 
of astrocytes. Figure 14 shows such an astro- 
cyte, the body of which is replaced by hyaline 
substance while its processes are still nor- 
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Fig. 16 (Wolter). Perivascular glial element in 
the degenerated retina of an old man. This cell 
shows hypertrophy and surrounds the blood vessel 
irregularly. (Hortega method, photomicrograph, 
x 500.) 


Fig. 14 (Wolter). Astrocyte of the ganglion-cell 
layer of the degenerated retina of an old man with 
hyaline degeneration of its body. The processes are 
still preserved. (Hortega method, photomicrograph, 


800. ) 


' 


Fig. 15 (Wolter). (A) Beginning—and (B) more advanced cystoid degeneration of the retina of two 
different cases of retinal detachment. All astrocytes and neurons have disappeared; only the radial fibers 


of Miller are left. (Hortega method, photomicrograph, « 400.) 
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mally preserved. In this case the hyaline de- 
generation occurred in single astrocytes. 
However, in many cases we also saw spot- 
like degeneration of complete retinal areas 
which contained the hyalinized ganglion and 
glial cells. 

In diseases of the retina which cause se- 
vere damage, whether this results from an 
acute or slowly progressive chronic dis- 
order, the astroglia as well as the neurons 
may be completely destroyed. Figure 15-A 
and B show sections of the retina of two 
different eyes with retinal detachment, The 
general picture is that of a cystoid degenera- 
tion of the retina. By our special staining 
method it is shown that the neurons and 
all glial elements except the fibers of Miller 
have disappeared. Generally, the elements of 
Miller are the most resistant cells of the 
retina and do not show much reaction in 
pathologic situations. 

We did not see pathologic forms of the 
astrocytes of the outer plexiform layer, the 
knowledge of the astroglia of which is still 
very incomplete. 


Fig. 17 (Wolter). “Gittercells” which represent 
swollen microglia of the retina around a blood vessel 
in a case of chronic uveitis following corneal in- 
jury. These inflated cells contain fat which was 
demonstrable with “oil red O strain.” (Hortega 
method, photomicrograph, x 500.) 


Fig. 18 (Wolter). Rosette from the central area 
of the retina of a 75-year-old man with typical 
retinitis pigmentosa. Horizontal section through the 
scarified outer layers of the retina. ( Photomicro- 
graph, 500.) 


The perivascular glia as described above 
(fig. 9) shows besides those of the astro- 
cytes, the most bizarre reactions in pathologic 
situations of the retina. Figure 16 shows an 
example of a hypertrophic perivascular glial 
cell surrounding a blood vessel in the de- 
generated retina of an old man. These spiral- 
shaped structures are very commonly found 
in different pathologic situations of the 
retina. 

As yet we were unable to demonstrate the 
normal microglia of the human retina. But in 
a case of chronic uveitis following an eye 
injury, we found very numerous “gittercells” 
(granular compound corpuscles) around the 
blood vessels of the retina (fig. 17). These 
cells have a round inflated body and a small 
nucleus. They contain fat which is demon- 
strable with “oil red © stain.” These gitter- 
cells are identical to those seen in pathologic 
conditions of the brain and are considered 
to be swollen microglia cells. We found the 
same type of cell in the optic nerve of a 
case of neuromyelitis optica. 

The significance of primitive glial cells in 


the pathology of the human retina is still 
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almost unknown. We usually find what is 
considered to be primitive glia in the very 
malignant glioma of the retina (retino- 
blastoma). However, in a case of retinitis 
pigmentosa (primary degeneration of the 
neuroepithelium of retina) in an old man, 
we also found these undifferentiated cells 
forming many typical rosettes (fig. 18). 
Most of these rosettes were present in the 
area of the macula and around the disque of 
the optic nerve and were arranged horizon- 
tally within the dense glial scar which com- 
pletely replaced the outer layers of the retina. 


DISCUSSION 


Five new and morphologically different 
types of glia were found in the normal hu- 
man retina: (1) The lemmocytes of the 
nerve-fiber layer; (2) the astrocytes of the 
ganglion cell layer; (3) the astrocytes of the 
inner plexiform layer; (4) the astrocytes of 
the outer plexiform layer ; (5) the perivascu- 
lar glia. 

Detailed knowledge of the glia of the hu- 
man retina has been thus far restricted to 
the cells of Miiller, including incomplete ele- 
ments of this type (Cajal,’® Dogiel,’* Marche- 
sani,” Kolmer,’ Polyak*). These authors used 
the techniques of Cajal, Ehrlich (methylene 
blue), the original method of del Rio 
Hortega, and that of Golgi; but these meth- 
ods failed to impregnate the lemmocytes, the 
astrocytes, and the perivascular glia as de- 
scribed here. 

As already mentioned there were numer- 
ous lemmocytes (cells of Remak) in the 
nerve-fiber layer. These elements were not 
demonstrated previously in the retina. Ac- 
cording to del Rio Hortega’* and Scharen- 
berg™® these cells are intimately connected 
with the so-called “unmyelinated” nerve 
fibers of the peripheral nervous system and 
represent the equivalent of the elements of 
Schwann which surround the “myelinated” 
nerves, The presence of the elements of 
Remak in the nerve-fibre layer of the retina 
is not surprising since its nerves are not 
myelinated. 

The existence of transitional forms from 


lemmocytes to astrocytes at the limit be- 
tween nerve-fiber layer and ganglion-cell 
layer is surprising. But in spite of this fact 
we consider lemmocytes and astrocytes as 
completely different glial elements. 

Typical astroglia in the human retina has 
thus far not been demonstrated. Kolmer® 
stated that there are no astrocytes in the 
retina proper, although they were found in 
the papilla of the optic nerve, and was of the 
opinion that their physiologic tasks are car- 
ried out by the cells of Miiller. Marchesani® 
expressed the opinion that the retina can be 
expected to possess an astroglial network 
but that the original astroglia method of del 
Rio Hortega failed to impregnate these cells. 
With the astroglia modification of Scharen- 
berg* we were able to confirm this opinion 
of Marchesani and to visualize various types 
of astroglia in the retina. Polyak* describes 
radially arranged “fibrous and protoplas- 
matic astrocytes” in the retina of Chimpan- 
zee and Rhesus macaque (fig. 85, Polyak) 
but did not mention the dense horizontally 
arranged network of the astroglia which we 
found in three layers of the human retina. 

The architecture of the astroglia of the 
retina is most closely adjusted to that of the 
neurons and the blood vessels and is of 
definitely different pattern in various layers. 
The elements of Miller form a coarser skele- 
ton, between the structures of which the 
delicate network of the astroglia is spread 
and both must, unquestionably, be regarded 
as a vital supporting and protecting system 
of the neurons. 

The morphology of the perivascular glia 
and its relationship to the other elements of 
the blood vessel wall have not yet been suffi- 
ciently studied. How intimate this relation- 
ship may be, is indicated by Figure 9; and 
in pathologic conditions this relationship 
is even more intimate. 

What is,known about the pathology of the 
astroglia and the other glial elements of the 
human retina is even more limited than their 
anatomic description. The purpose of this 
contribution is to describe what we consider 
to be the main phases of the nonspecific re- 
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actions of the astroglia. These are: Hyper- 
trophy and proliferation, scar formation, de- 
generation, and complete destruction. Also 
we have here described typical pathologic 
changes of the peculiar flat cells on the in- 
side of the inner limiting membrane and of 
the perivascular glia, The existence of “git- 
tercells” in a pathologic situation of the hu- 
man retina is important as an evidence for 
the presence of microglia in the retina, 
which could not yet be demonstrated under 
normal conditions, 

We also observed typical rosette formation 
of retinal elements, which we tend to con- 
sider as pathologic glial cells, in the retina of 
a case of retinitis pigmentosa in an old man. 
In glioma of the retina the classification of 
the cells which form the rosettes is still 
pending; Virchow'* considered them as 
primitive glial elements while Flexner” 


and others assumed them to be rudi- 
mentary rods and cones or rudimentary neu- 
roepithelium. It is important to note that 
our case showed the rosettes in the retina of 
a 75-year-old man and always within the 
area of hypertrophic and proliferated ghia 
which had completely replaced the neurons of 
the outer layers of the retina. Besides in 
glioma of the retina, rosettes have already 
been described in eyes of normal children 
(Seefelder, Lindenfeld, Teng and Kat- 
zin’*), in microphthalmos (Jaensch), 
coloboma of the choroid (Joy), in cyclopia 
(Gartner), and in inflammatory processes 
of the eye (Pusey, Brown, Murakami). 
This study must be considered only as a 
beginning; it is not at all complete since 
much more has to be done on this subject. 


University Hospital. 
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DISCUSSION 


Dre. Parker Hearn (Sullivan Harbor, Maine) : 
Using the silver-carbonate process developed by 
del Rio Hortega and modified by Scharenberg, 
Dr. Wolter has supplied light to a dark area. We 
have been trying to find out something about the 


glia of the retina for years; and, to my belief, he 
is the first one who really has given us patterns 
of normal morphology and a beginning on patho- 
logic reactions. 

Previous studies by Polyak show fragmentary 
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glia in the retina and some relations of Miller's 
fibers. Dr. Wolter has found at least five different 
systems of gha. Some perhaps will question 
whether his glial cells in the inner and outer reticu- 
lar area are different. However, anybody who has 
followed his work closely and has seen his ma- 
terial is very much impressed with the authenticity 
of what he is doing. |, for one, think his con- 
tribution is remarkable and very important. 

Concerning evaluation of his nonspecific reac- 
tions of the glia these will have to await future 
studies for confirmation. They seem reasonable. 
Swelling proliferation and ultimate scar forma- 
tions all fall into channels which can be called 
nonspecific, and are not unusual with nervous 
tissue. 

We will hope that certain specific reactions will 
he discovered in due time. 

The lemmocytes which he has found for the 
first time in the nerve-fiber layer are quite con- 
sistent with those found elsewhere on nonmedul- 
lated nerves. 

To me, this has been one of the most interesting 
amd moving presentat‘ons. I wish to thank Dr. 


Wolter very much for the chance to discuss his 
paper, 

De. Freperick H. Vernoerr (Boston, Massa- 
chusetts): Dr. Wolter spoke of Miiller’s fibers 
as modified astrocytes. | have the idea that these 
two different kinds of cells are independently de- 
veloped, and that one is not a modification of the 
other. 

Da. J. Reimer Worter (in closing): I would 
like to thank Dr. Heath for his very kindly words 
and comments. 

To Dr. Verhoeff's question I must state that I 
do not know whether there is a relationship be- 
tween astrocytes and the fibers of Miller of the 
human retina. Marchesani considered the fibers of 
Miller as modified astrocytes while Kolmer as- 
sumed them to be modified ependymal cells, but 
both had no evidence for their opinion. We have 
seen that in advanced proliferation of retinal tissue 
the elements of Miller sometimes act and look 
like hypertrophic astroglia. However, this finding 
does not prove that astroglia and the fibers of 
Miller are related. An embryologic study only 
could clarify the true situation. 


THE HYDRATION OF THE CORNEA* 


I. THE TRANSPORT OF WATER FROM THE CORNEA 


Joun Hargis, M.D., anp Loretta T. Norpourst, B.A. 
Portland, Oregon 


When excised pieces of cornea are bathed 
in aqueous solutions of various osmotic 
strengths, they swell markedly—often to sev- 
eral times their initial weight. The mecha- 
nism by which such swelling is prevented in 
vivo is little understood. Historically, two 
major theories were successively advanced to 
account for the in vivo status. The first 
held that the normal hydration of the cornea 
was maintained because the limiting barriers, 
particularly the epithelium and endothelium, 
were impermeable to water. The second was 
based upon the premise that these restrict- 
ing barriers were impermeable to the major 
ionic constituents (sodium and chloride) 
of aqueous and tears, corneal deturgescence 


— 


* From the John E. Weeks Memorial Laboratory, 
Department of Ophthalmology, University of Ore- 
gon Medical School, Portland, Oregon. Supported 
by Grant number B-187 from The National Institute 


of Neurological Diseases and Blindness, National 
Institutes of Health, Bethesda 14, Maryland. 


being maintained by an osmotic differential. 
Aside from certain theoretic objections to 
such hypotheses, the clinching arguments 
against them were delivered by demonstra- 
tions that the endothelium and epithelium 
pass both water’ and sodium*®”® and pre- 
sumably the common anions, as well. 

In the face of this evidence, the concept 
has developed recently that the cornea is 
capable in vivo of actively excreting a major 
ion (such as sodium or some anion) or, per- 
haps, water. By inference, this excretion 
would require work, so would depend upon 
the metabolism of the cornea. It is the pur- 
pose of this communication to report ex- 
periments undertaken to determine whether 
an active process controls the normal ion and 
water balance of the cornea and whether an 
ion or water (or both) are actively moved. 

To achieve this end we have applied a 
technique similar to that found useful in 
the study of the cation and water balance of 
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the lens.* Essentially, it consists of reduc- 
ing for a time the metabolism of a tissue 
by refrigeration at O°C., then restoring the 
metabolic rate to approximately normal by 
raising the temperature to 37°C, During fe- 
frigeration the ionic composition approaches 
that of a true equilibrium; subsequent in- 
cubation at 37°C. affords an opportunity for 
metabolic processes to effect a return toward 
normal. In these studies, the cation and 
water contents are measured before and after 
refrigeration and after an additional period 
of incubation at 37°C. 


MetTHops 


Rabbit eyes were used throughout. They 
were generally obtained from a slaughter 
house, the eyes being enucleated immediately 
after decapitation of the animals and trans- 
ported at once to the laboratory. In certain 
instances, eyes from animals freshly killed 
in the laboratory were used for comparison. 
Kach eye was placed in a tube, cornea up, 
on some folded gauze saturated with a modi- 
hed Tyrode’s solution.’ The tube was 
flushed with a mixture of 95-percent oxygen 

five-percent carbon dioxide, _ tightly 
stoppered and refrigerated in an ice bath 
for the appropriate period. One cornea of a 
pair of eyes was analyzed upon removal 
from the ice bath; the other eye subsequently 
was incubated at 37°C. for an additional 
period, then analyzed. This basic procedure 
was varied frequently, as indicated in the 
text, to permit an evaluation of specific 
factors. 

For analysis, the eye was hemisected near 
the equator, the lens and anterior uveal 
tissue gently removed, and the endothelial 
surface of the cornea blotted lightly to pre- 
vent contamination with aqueous fluid.* A 
central section (nine mm. in diameter) of 


* It was to minimize such contamination of the cut 
corneal surface with aqueous fluid that we initially 
avoided trephining the corneal section from the an- 
terior surface of the intact eye. However, experience 
proved that when the sections were taken rapidly 
and with a sharp instrument, the results obtained 
from either approach were essentially the same. 


the cornea was then taken, using a surgical 
trephine. The corneal section was weighed 
immediately, dried at 105°-110°C. to con- 
stant weight (48 hours), dry-ashed (with 
the aid of a small amount of sulphuric acid) 
at 500°C., and the sodium and potassium 
contents determined, using a Baird Assoct- 
ates flame photometer with an_ internal 
standard. Results are expressed as cation or 
water content (mq. or moles per 100 gm, 
of dry cornea) or cation concentration 
(mEq. per 1,000 gm. of cornea water). Glu- 
cose was determined by the method of 
Somogyi." 


CATION CONCENTRATION AND WATER CON- 
TENT OF THE NORMAL RABBIT CORNEA 


The normal cation concentrations and 
water content of the cornea were determined 
to be essentially the same in rabbit eyes se- 
cured at the slaughter house and eyes from 
rabbits freshly killed in the laboratory, The 
combined results are given in Figure 1. 
Values of these constituents im aqueous 
humor and lenses of rabbit eyes are pre- 
sented for comparison. (They were not de- 
termined by analysis of tissues and fluids 
from the same eyes.) It is apparent that the 
concentration of total base (sodium plus 
potassium) is considerably higher im the 
cornea than in the aqueous. The analyses 
here reported, of course, were of the entire 
cornea, including both cellular and non- 
cellular elements. 


MAINTENANCE OF CATION CONTENT AND 
HYDRATION OF THE CORNEA DURING 
INCUBATION AT 37°C. 


Before valid temperature reversal studies 
could be made, means had to be devised for 
maintaiming in vitro the cation and water 
contents of the cornea as they exist in vivo. 
Several experimental situations were 
studied. When enucleated eyes were totally 
immersed in a modified Tyrode's solution 
and incubated at 37°C., the sodium and water 
contents of their corneas increased, Similar 
results were obtained when the anterior por: 
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K-4.9120.25 
No-147.022.2 


K - 123.72 2.5 
No-24.324.0 
H,0 -65.9% (10.6 moles / 
100 Gm. dry weight) 


K-31.622.5 

No- 154.626.0 

HP - 77.6%( 19.6 moies/ 
100 Gm. dry weight) 


Fig. 1 (Harris and Nordquist). Normal cation concentration (miq. per 1,000 gm. of water) and 
water content of the cornea, lens, and aqueous of rabbit eyes with indicated standard deviation. The 
figures for the cornea represent the average of 36 analyses, those for the aqueous, eight analyses, and for 
the lens, 62 analyses of lenses weighing between 0.240 and 0.400 gm. 


tions of hemisected eyes (devoid of lens and 
vitreous but with an intact ciliary body and 
iris) were incubated in this solution (fig. 
2). It is plausible that the uptake of water 
and cation under these circumstances occurs 
through the limbus; a possible exchange 
across the epithelium must also be considered. 

However, when enucleated eyes were in- 
cubated at 37°C. in moist chambers as al- 
ready discussed, the cation and water contents 
of the corneas remained reasonably constant 
for a period of 12 hours (fig. 3). Distilla- 


tion of water to or from the corneas was in- 


@—@ wWoter 
Sodium 
Potassium 


sufficient to alter their composition even 
when the vapor pressure of the atmosphere 
was varied from that of pure water to that 
approximating the aqueous humor. (The 
vapor pressure of the cornea is probably 
lower than that of the solutions employed. 
Distillation to the cornea, rather than evapo- 
ration from it, thus would be anticipated. ) 


EFFECT OF REFRIGERATION At 0°C. on 
CORNEAL HYDRATION AND CATION CONTENT 


When rabbit eyes were refrigerated at 
0°C. in moist chambers, the water, sodium 


Changes in the cation and water 
contents of the rabbit cornea during 
incubation at 37°C. of the anterior 
half of the eye immersed in a modi- 
fied Tyrode's solution. The ordinate 
on the left represents cation con- 
tent; that on the right, water con- 
tent. Each point represents an aver- 
age of two to five analyses. 


5 Fig. 2 (Harris and Nordquist). 
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Fig. 3 (Harris and Nordquist). Changes in the cation and water contents of the rabbit cornea during 
incubation in a moist chamber at 37°C. of the intact, enucleated eye. The open circles represent the data 
obtained when a vapor pressure of distilled water was employed. In all other instances a modified Tyrode's 
solution was used. The ordinate on the left represents cation content; that on the right, water content. 


Each point is an average of at least six determinations. 


and potassium contents of the corneas in- 
creased markedly (figs. 4 and 5).* However, 


* Although not plotted here, analyses were also 
made after only 12 hours’ refrigeration to provide 
direct comparison with those experiments in which 
the eyes were incubated at 37°C. After this period 


45r 


Fig. 4 (Harris and Nordquist). 
Changes in hydration of the rabbit 
cornea during refrigeration in a 
moist chamber at 0°C. of the in- 
tact, enucleated eye. Each point 
represents the average of at least 
seven determinations. 


the net exchange was such that a decrease in 
concentration of the sodium and potassium 


in the cold, the water content had risen to 27.1 moles 
per 100 gm. of dry cornea and the sodium and 
potassium respectively to 72.0 and 13.1 mEq. per 
1,000 gm. of cornea water. 
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Fig. 5 (Harris and Nordquist). 
Changes in the sodium and potas- 
sium contents of the rabbit cornea 
during refrigeration in a moist 
chamber at O°C. of the intact, 
enucleated eye. Each point repre- 


: sents the average of at least seven 
determinations. 
a 
a — 
20 40 60 100 120 
Hours Orc. 


of the corneas resulted (fig. 6). (That the 
curves in Figure 6 are biphasic is not sur- 
prising. The concentration of these cations 
in the aqueous varied during refrigeration of 
the intact enucleated eye, sodium being lost 
from the aqueous to cellular structures, par- 
ticularly the lens, and potassium being 
gained from them. This probably accounts 
for the rise in concentration of potassium 
in the corneas during the later phase of 
refrigeration. ) 

The question arises whether this move- 
ment of water and cations represents a mi- 
gration of bulk aqueous or a preferential 
movement of water. In other words, does 
the water follow the migration of an ion 


Fig. 6 (Harris and Nordquist). 
Changes in the sodium and potas- $ 
sium concentrations of the rabbit 
cornea during refrigeration in a 
moist chamber at 0°C. of the in- 
tact, enucleated eye. Each point rep- 
resents the average of at least 
seven determinations. 


or is it moved independently by some other 
force? During refrigeration, the osmotic 
pressure of the aqueous remained quite 
constant as measured by the total base 
(sodium plus potassium) concentration ( fig. 
7). It can be calculated that the total base 
of the cornea was diluted more than would 
have been the case if the dilution had re- 
sulted only from the movement of aqueous 
humor. Such calculation reveals that after 
20 hours of refrigeration the total base 
(sodium plus potassium) of the cornea 
would be 175 mEq. per 1,000 gm. of water 
if the increase in hydration represented an 
uptake of aqueous; actually, a value of only 
165 mEq. per 1,000 gm. was obtained. In 


Sodium 
Potossum 


Indwotes stondord dewotion 


a 
25 a . 
¥ 
20 40 60 60 100 120 


Hours Refrigeration of OFC 


100 
90 
$ 
70 
Sodium 
Potossium 
60 inéicotes stonderé deviction 
140 “A 4 
a 


HYDRATION OF THE CORNEA 105 


Fig. 7 (Harris and Nordquist). 
Changes in the concentration of 
sodium, potassium, and total base 
of the aqueous humor during re- 
frigeration in a moist chamber at 
0°C. of the intact, enucleated rabbit \ 
eye. Each point represents the aver- 
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age of at least seven determina- —— 
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other words, during the first 20 hours, 20 
percent of the hydration can be construed 
as due to the movement of water and SO per- 
cent to the movement of aqueous humor. 
This independent migration of water imto 
the cornea occurred mainly within the first 
20 hours; thereafter, the swelling was due 
largely to the movement of fluid having the 
total base composition of aqueous. 

These changes in hydration and cation 
concentration in the cornea are quite the 
opposite of those which occur when a cellular 
structure, such as the erythrocyte or the lens, 


water rte 


waren 660 


Fig. 8 (Harris and Nordquist). Comparison of 
changes in the total base concentration and water 
content of the rabbit lens and cornea during re- 
frigeration at 0°C. for 40 to 45 hours. The data 
on the cornea were obtained from 17 analyses of 
corneal sections of intact, enucleated eyes refrig- 
erated in a moist chamber at 0°C. Those of the 
lens were obtained from 72 analyses of isolated 
lenses refrigerated at 0°C. in three ml. of modified 
Tyrode's solution. 


Hours refrigeration of O° C 

is refrigerated at U°C. In these instances, a 
decrease in potassium and an increase in 
sodium content occur as the cations approach 
equilibrium with the extracellular environ- 
ment. However, the net exchange is such 
that in the lens, for example, an increase in 
concentration of total base (sodium plus po- 
tassium) occurs (fig. 8). Likewise, an in- 
crease in total cation content (determined on 
the basis of dry lens weight) is noted, In the 
lens, then, in contrast with the cornea, hydra- 
tion during refrigeration can be accounted 
for solely by the movement of cation (and 
anion, as well). 


FFECT OF REFRIGERATION AND SUBSEQUENT 
INCUBATION AT 37°C. 


When the refrigerated eyes were subse- 
quently incubated at 37°C, the changes in 
corneal composition which occurred in the 
cold were reversed, generally.* The water 
content decreased markedly (fig. 9). As 
previously mentioned, experiments in which 
the eyes were incubated at 37°C. without 
prior refrigeration demonstrated that this 
dehydration of the cornea would not be due 


* Incubation at 37°C. was usually terminated at 
the end of six hours, since by then the glucose con- 
centration of the acqueous had fallen to sub- 
stantially zero. 
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to simple evaporation. The sodium content 
also decreased, while the potassium remained 
quite constant (fig. 10). However, the 
sodium concentration rose rapidly early in 
the period of incubation at 37°C. following 
refrigeration for 45 hours, then tended to 
stabilize as the normal sodium level was 
approached (fig. 11). Thereafter, corneal 
water and corneal sodium decreased at the 
same rate, resulting in a fairly constant 
sodium concentration there. (The sodium 
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Hours incubetion of 37°C 

Fig. 10 (Harris and Nordquist). Changes in the 
sodium and potassium contents of the rabbit cornea 
during incubation in a moist chamber at 37°C. 
subsequent to 45 hours’ refrigeration at 0°C. of 
the intact, enucleated eye. Each point represents the 
average of at least seven determinations. 


concentration in the aqueous was rising 
simultaneously.) These data suggest that 
the initial dehydration of the cornea was due 
solely to water movement. This was best 
illustrated by the changes during incubation 
following only 20 hours’ refrigeration (fig. 
12). Here a marked decrease in water con- 
tent was demonstrated clearly in the early 
period of incubation while the cation content 
remained relatively constant. 


EFrrect OF ANAEROBIC CONDITIONS 


More direct evidence that this dehydration 
depended upon metabolic processes was ob- 
tained by depriving the eyes of oxygen. 
Under anaerobic conditions (95-percent 
nitrogen—-five-percent carbon dioxide), the 
previously refrigerated corneas were unable 
to excrete water or sodium during incubation 
at 37°C. (fig. 13). Similarly, without atmos- 
pheric oxygen the corneas of eyes not pre- 
viously refrigerated were incapable of main- 
taining their normal cation and water rela- 
tionships during incubation at 37°C, In 12 


‘hours of such incubation, corneal water rose 


from 20 to 45 moles per 100 gm. dry weight, 
sodium increased from 55 to 119, and potas- 
sium from 11 to 19 mEq. per 100 gm. dry 
weight. These latter experiments, like the 
in vivo studies of Smelser and Ozanics,” 
support the view that at least part of the 
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oxygen required for corneal metabolism may 
be derived from the atmosphere.” 


RELATIONSHIP OF SODIUM TO 
WATER MOVEMENT 


By a variety of procedures, one can alter 
the ability of the cornea to recover its nor- 
mal cation and water relationships following 
refrigeration. Two such procedures are re- 
ported here to demonstrate that the move- 
ment of sodium and water are closely as- 
sociated. In the first, 31°C. (the temperature 
employed in similar experiments by Dav- 
son'*) was used instead of 37°C. as the 
incubation temperature for the recovery 
phase of the experiments. The excretion of 


wWoter 


Sodium 
Indicates stondord 


Moles woter/iOO Gm Gry weight 


Hours incubotion of 57° C. 


both water and sodium was diminished at 
the lower temperature (fig. 14). The fact 
that the water content more nearly ap- 
proaches normal than does the sodium con- 
tent might be predicted from the studies of 
kinetics mentioned above. Such data sug- 
gests that closing the eyelids may promote 
dehydration of the cornea by raising its 
temperature. 

In another series of experiments, approxi- 
mately two thirds of the corneal epithelium 
was removed mechanically by scraping the 
surface with a sharp blade. These corneas 
gained water and sodium to the usual ex- 
tent during refrigeration. However, during 
subsequent incubation return toward nor- 
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Fig. 12 (Harris and Nordquist). 
Changes in the sodium and water 
content of the rabbit cornea during 
incubation in a moist chamber at 
37°C. subsequent to 20 hours’ re- 
frigeration at 0°C. of the intact, 
enucleated eye. The ordinate on the 
left represents the water content; 
that on the right, the sodium con- 
tent. Fach point represents the 
average of at least seven determina 
tions. 
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Anoerobic 

Fig. 13 (Harris and Nordquist). Effect of 
anaerobic conditions on the degree of recovery of 
the normal sodium and water content of the rabbit 
cornea during six hours’ incubation in a moist 
chamber at 37°C. subsequent to 45 hours’ refrig- 
eration at O°C. of the intact, enucleated eye. The 
percent recovery is calculated using the formula 


percent recovery = —--———- & 100 where C, is the 

content of the normal cornea and C, and C, repre- 

sent respectively the content of the cornea follow- 

ing refrigeration and following refrigeration plus 

incubation at 37°C. Fach bar represents the aver- 


age result of at least seven experiments. 


Aerobic 


mal of both water and sodium was reduced, 
with sodium again lagging behind (fig. 15). 


COMMENT 
The results leave little doubt that the cor- 
neal hydration is normally maintained by an 
active metabolic process. This process does 
not appear to result directly from some 
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Fig. 14 (Harris and Nordquist). Comparison of 
degree of recovery of the normal sodium and water 
contents of the rabbit cornea during six hours’ incu- 
bation in a moist chamber at 31°C. and 37°C. subse- 
quent to 45 hours’ refrigeration at 0°C. of the in- 
tact, enucleated eye. Each bar represents the aver- 
age result of at least eight experiments. For 
method of calculation see Figure 13. 
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partial de-epithelization of the rabbit cornea on 
the degree of recovery of its normal sodium and 
water contents during six hours’ incubation in a 
most chamber at 37°C. subsequent to 45 hours’ re- 
frigeration at O°C. of the intact, enucleated eye. 
tach bar represents the average result of at least 
seven experiments. For method of calculation see 
Figure 13. 


action on the collagen fibers, since hydration 
occurs at either O°C. or 37°C. when an 
cornea or the entire is im- 
mersed in solution. Moreover, when oxygen 
was excluded the active excretion of fluid 
from the cornea was inhibited. Thus, both a 
barrier (or barriers) and an energy source 
are essential to the maintenance of the nor- 
mal corneal hydration. 

The substance which is transferred ac- 
tively or pumped from the cornea appears 
to be water rather than one of the major 
cations (or anions). The fact that the ca- 
tions of the cornea are diluted during re- 
frigeration more than can be accounted for 
by a bulk movement of aqueous and that 
during subsequent incubation at 37°C. the 
cornea dehydrates while the sodium content 
remains relatively constant for a short period 
is best interpreted in this light. 

The changes in corneal composition which 
occur during refrigeration and subsequent 
incubation can thus be analyzed as follows. 
Cooling reduces the metabolic rate and the 
active excretion of water from the cornea 
is at least partially blocked. Water, there- 
fore, moves into the cornea in response, 
probably, to an osmotic gradient. Sodium 
and potassium also enter as a true equilib- 
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rium is approached and the cornea continues 
to swell because of the higher osmotic pres- 
sure of the protein-containing stroma. The 
same sequence must occur when oxygen is 
excluded. When the metabolic rate is re- 
turned toward normal by increasing the 
temperature, water is excreted from the 
cornea and the cation concentration rises. 
Movement of sodium from the cornea sub- 
sequently occurs by diffusion along a con- 
centration gradient, ( During six hours’ incu- 
bation of intact eyes at 37°C., following 
refrigeration for 45 hours, the sodium con- 
centration of the aqueous rises from 139 to 
146 mEq. per 1,000 gm. of water. The exact 
concentration of sodium in extracellular cor- 
neal water is not known with certainty. 
During refrigeration, sodium is gained from 
the aqueous and lost to the corneal cells. 
During subsequent incubation at 37°C., the 
sodium concentration in the extracellular 
phase increases because of the movement 
of the ion from the corneal cells and the 
migration of water from the cornea. A con- 
centration gradient favoring the diffusion of 
sodium from the cornea to the aqueous 1s 
thus not unreasonably postulated. ) 

The fact that the potassium content of 
the cornea remains relatively constant dur- 
ing incubation at 37°C. does not mitigate 
against this view. In six hours’ incubation 
following 45 hours’ refrigeration, the po- 
tassium concentration of the aqueous falls 
from 19 to only 12 mEq. per 1,000 gm. of 
water. Thus at the end of the experimental 
period concentration of potassium in both the 
aqueous and cornea is in excess of normal 
and it can be calculated reasonably that a 
diffusion equilibrium exists. 

In vivo, as a result of the excretion of 
water, a steady state must obtain, iri which 
the corneal stroma is hyperosmotic with re- 
spect to aqueous. This view was advanced 
by Davson’®** from analyses of the cornea, 
although not accepted by Maurice.* Our cat- 
ion values of the normal rabbit cornea agree 
with those obtained by Davson for the ox 
cornea, with the exception that we found a 


slightly higher sodium concentration (155 as 
against 149 mkq. per 1,000 gm. of cornea 
water). The concentration of total base 
(sodium and potassium) of the extracellular 
fluid cannot be calculated with certainty be- 
cause of lack of precise knowledge of the 
cation distribution in the cellular elements. 
However, it is not unreasonable to assume 
that concentration of total base of the stroma 
is at least as high as that of the cellular ele 
ments. Accepting then an extracellular total 
base of 186 mEq. per 1,000 gm. of water, 
and assuming that the cation: anion (chloride 
plus bicarbonate) ratio which Davson found 
for the whole cornea maintains in the stroma, 
the total osmotic strength contributed by 
these major cations and anions amounts to 
327 mEq. per 1,000 gm. of water, a figure 
in excess of the total osmotic strength of the 
aqueous humor. 

Lastly, it seems likely (although not 
proved) that the majority of exchanges 
which we have demonstrated occur across 
the endothelial surface. However, the ep 
ithelium also plays an essential role in the 
maintenance of the corneal hydration as 
demonstrated here and by the work of 
Maurice and Giardini.’ The role of the 
epithelium will be considered more fully in 
a future publication. 


SUMMARY 


1. The effect of a reversible alteration of 
the metabolic rate of the cornea on its water 
and cation composition has been studied. 

2. During refrigeration of the intact, enu- 
cleated eye in a moist chamber at 0°C., the 
cornea becomes hydrated due, initially, to 
a preferential movement of water and, sub- 
sequently, to a movement of fluid having 
approximately the composition of aqueous 
humor. 

3. During subsequent incubation at 37°C. 
these changes are reversed, water initially 
and then sodium plus water moving from 
the cornea, the potassium content remaining 
elevated. 

4. This reversal is abolished in the absence 
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of oxygen and reduced when the epithelium 
is removed partially, or an incubation tem- 
perature of 31°C. employed. 

5. It is concluded that the normal hydra- 
tion of the cornea results from an active 
transport of water from the cornea and that 


such migration of cations to or from the cor- 
nea as normally occurs results from simple 
diffusion exchange or movement along a con- 
centration gradient. 


3181 S.W. Sam Jackson Park Road (1). 
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DiIscUSSION 


De. Scuwartz (lowa City, lowa) : 
Two years ago, at the association meeting, we dis- 
cussed the matter of the role of metabolism in hy- 
dration of the lens and cornea. Although we did not 
measure the sodium or potassium components at the 
time, we did measure the weight gain under de- 
creased temperature and anoxic conditions, and dis- 
cussed this change in terms of active water trans- 


It appears that Dr. Harris’ experiments confirm 
and substantiate experiments which we have done 
and those of Dr. Davson recently in England. I 
am glad to see that the thinking is in terms of 
active transport of water by the cornea. 

I would like to ask Dr. Harris several questions. 


Instead of using 95-percent oxygen and five-per- 


cent CO, in the moist atmospheres above the intact 
eye, did he ever try using only five-percent CO, 
and air? 

Secondly, does he think it is necessary to have 
this high concentration of oxygen in order to main- 
tain the sodium, water, and potassium content of 
cornea ? 

| would also like to ask Dr. Harris if he thought 
there was any shift in the pH of the aqueous re- 
sulting from accumulation of lactic acid when using 
the intact eye after a period of, say, 24 or 48 
hours, and whether any such shift would affect his 
results ? 

De. V. Evererr Kinsey (Detroit, Michigan) : 
I would like to ask Dr. Harris to comment on a 
statement made several years ago by Dr. Maurice 
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who, in discussing the question of active transport 
of water or ions from the cornea, pointed out that 
the least efficient of the various mechanisms would 
be one in which water is actively transported. 

What assumptions go into the calculation of 
the concentrations of various ions in the cornea with 
regard to the so-called sodium space? 

Dre. Joun E. Hares (in closing): In regard to 
Dr. Schwartz’ question of the oxygen concentra- 
tion, | do not know the effect of oxygen at the 
partial pressure of the atmosphere. Presumably, it 
would have a metabolic effect. The point is worth- 
while studying as at least a partial answer to the 
question of whether the cornea normally obtains 
some of its oxygen from the atmosphere. 

In regard to the pH of the aqueous, certainly we 
do expect a shift in the aqueous pH during that 
time. 

Regarding Dr. Kinsey's remarks, Dr. Maurice 
discussed various mechanisms which might operate 
across the barriers we are speaking of to maintain 
the normal hydration of the cornea. These possibili- 
ties included the active transport from the cornea 
of sodium or of water, among others. He pointed 
out that any living barrier is generally more 
permeable to water than to any other substance. 
Since the water turnover across it would be greater 
than the turnover of ions, a water pump would 
presumably be less efficient than an ion pump in 
maintaining normal corneal hydration. Such reason- 
ing is logical but does not, of course, preclude the 
possibility. | might add, too, that a more rapid 


turnover of water is not a priori proof that a water 
pump requires more energy. 

I think that much of the published work in the 
swelling of the cornea can be interpreted as indi- 
cating a pump of water rather than of an ion. 
Time does not permit a complete analysis. | am 
thinking though of some of your experiments, Dr. 
Kinsey, with Dr. Cogan, in which you measured the 
swelling of the cornea at various osmotic pressures. 
We do not definitely exclude the possibility of an 
ion transport. 

In calculating the total base (more specifically the 
sum of sodium and potassium) concentration of the 
extracellular compartment one must assume a value 
for the cellular constituents. (Others have assumed 
as a first approximation that the corneal cells are 
devoid of sodium. This is hazardous. Epidermis, 
for example, has a fairly high sodium concentra- 
tion.) The figure most commonly given for total 
base of cells is around 190 mEq, per 1,000 gm. of 
water. Human epidermis, for example, is in that 
range. The total base of the cells of the cornea 
is probably of similar magnitude. Since the sum of 
the sodium and potassium concentrations of the 
whole cornea is in that range, the assumption seems 
reasonable that the total base concentration in the 
extracellular compartment is similar to that of 
the whole cornea (in the unaltered state, of course). 
Thus, the figure 186 mEq. per 1,000 gm. of water. 
Our analyses showed a little more sodium than did 
Davson’s. He found, as I recall, around 149, we 
found around 155, mEq. per 1,000 gm. of water. 


SOME BIOCHEMICAL CHARACTERISTICS OF ACID INJURY 
OF THE CORNEA* 


I. ASCORBIC ACID STUDIES 


M. A. Guipry, Pu.D., J. H. Atten, M.D., anv J. B. Ketry 


New Orleans, Louisiana 


In 1936 Henkes' reported an average con- 
centration for ascorbic acid in the normal 
rabbit cornea of 18 to 20 mg. per 100 gm. 
of tissue, However, in more recent studies, 
Pirie? found the average concentration of 
ascorbic acid to be 55 mg. per 100 gm. nor- 
mal rabbit cornea. The epithelium contained 
an average of 118 mg. per 100 gm. of tissue 
while the stroma contained 25 mg. per 100 
gm. of tissue. 

Campbell and Ferguson’® in studying the 


*From the Department of Ophthalmology, Tu- 
lane University School of Medicine. This study was 
supported by funds provided under Contract AF 
18(600)-304 with the USAF School of Aviation 
Medicine, Randolph Field, Texas. 


role of ascorbic acid in corneal vasculariza- 
tion reported that new vessel invasion of the 
cornea following heat injury in the guinea- 
pig occurred with significantly greater fre- 
quency in scorbutic animals than in the con- 
trol group. In a separate report of the same 
year Campbell* presented data which sug- 
gested that although restoration of corneal 
epithelium as such might be independent of 
an adequate supply of ascorbic acid, the 
rate of epithelization of a wound of the 
cornea involving collagenous tissue de- 


pended on the provision of a suitable fibrous 
substratum and in turn on an adequate in- 
take of ascorbic acid. 

In his studies of the chemistry of aqueous 
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humor in glaucoma, Kronfeld® reported that 
ascorbic acid level of the aqueous was de- 
pendent upon the blood-ascorbic acid level 
in the normal eye as well as in the eye af- 
fected with deep-chamber glaucoma. Kinsey* 
observed that, above a certain critical plasma 
level further increase in the ascorbic acid 
content of the blood did not significantly 
increase the ascorbic acid content of the 
aqueous. 

The rate of turnover of ascorbic acid in 
the aqueous has been determined by several 
investigators. A value of O.8 percent per 
minute was reported by Friedenwald and co- 
workers.’ Kinsey and Barany* working 
under more physiologic conditions reported 
a turnover rate of one percent per minute. 
Using still a different method, Becker and 
co-workers” reported a value of 1.3 to 1.5 
percent per minute. 

Kinsey’’ has shown that the aqueous hu- 
mor of the posterior chamber contains one 
and one-half times as much ascorbic acid as 
that in the anterior chamber. 

It was the object of the present work to 
determine : 

a. The effect of hydrochloric acid injury 
on the ascorbic acid content of the cornea 
immediately after injury and during the 
course of recovery. 

b. The effect of this acid injury on the 
ascorbic acid content of aqueous humor 
immediately after injury and during the 
course of repair. 

c. The direct cause of any change in 
ascorbic acid concentration at these two sites. 


MetHops 

ASSAY OF ASCORBIC ACID 

Corneas were prepared for ascorbic acid 
assay by extraction with 20-percent meta- 
phosphoric acid for one hour. Aqueous hu- 
mor samples also were placed in this ex- 
traction medium immediately after procure- 
ment and allowed to stand for one hour. 
Protein free aliquots from these extracts 
were used to assay ascorbic acid. 

The amount of ascorbic acid in the ex- 
tracts was determined by titration with 2,6- 


dichlorophenolindophenol using an ultrami- 
croburette. 

The 2,6-dichlorophenolindophenol was 
standardized by titration with pure ascorbic 
acid solution. The ascorbic acid solution was 
standardized against an iodine-potassium 
iodide standard of known oxidation-reduc- 
tion normality. 

Nitrogen determination. Nitrogen deter- 
minations were made by utilizing the Kjel- 
dahl digestion technique for the conversion 
of nitrogen to ammonia and after proper 
dilution the ammonia was determined colori- 
metrically by the method of Borsook."' 

Lactate determinations. The  Barker- 
Summerson™* method of lactate determina- 
tion was used. 

Anterior chamber aqueous samples. Sam- 
ples of aqueous humor from the anterior 
chamber were obtained by puncturing the 
cornea with a No, 26-gauge needle and 
drawing the aqueous (usually 0.05-0.1 ml.) 
into a 0.2-ml. syringe. 

Posterior chamber aqueous samples. Aque- 
ous humor samples from the posterior cham- 
ber were obtained with a micropipette de- 
signed by Kinsey’® using the technique 
described by the same author in 1953." 

Animals. The animals used in this work 
were albino rabbits of the New Zealand 
White strain weighing from 1,500 to 2,500 
gm. They were maintained on a diet of 
Gibbons Rabbit Pellets supplemented with 
approximately one-fourth pound of raw 
cabbage per day. Water was supplied freely. 

Standard burning technique. The hydro- 
chloric acid injury was applied to the right 
eye of each experimental animal leaving the 
left eye as a control. The rabbits were 
placed in a special box which held their 
heads rigid. The lids were held open with a 
speculum and the nictitating membrane was 
retracted with a Desmarres retractor. Hydro- 
chloric acid of 1.0N strength was dropped 
on the cornea from a standardized pipette 
at the rate of two drops every 10 seconds 
for one minute. The eye then was washed 
with distilled water for 15 seconds. 

Statistical treatment. The data obtained 
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were submitted to analysis by the Fisher 
“T” test of significance. The p values were 
obtained from Statistical Tables for Bio- 
logical, Medical, and Agriculture Research 
by Fisher and Yates."* 


RESULTS 
(CORNEAL ASCORBIC ACID 


In these experiments the whole corneas 
were extracted for ascorbic acid assay, after 
which the nitrogen content of the tissue was 
determined. The values of corneal ascorbic 
acid were expressed in terms of micrograms 
ascorbic acid per mg. nitrogen. 

A considerable amount of difference was 
found in the concentration of ascorbic acid 
in the normal corneas of different rabbits, 
but the difference in ascorbic acid concentra- 
tion in the two normal corneas from the 
same animal was found to be rather small 
(table 1). There was no significant dif- 
ference between the right and left eye values 
in this set of animals. 

The standard burning technique was ap- 
plied to the right eyes of a group of rabbits. 
At various time intervals after onset of in- 
jury the animals were sacrificed by air in- 
jection into the marginal ear vein and the 
corneas removed. Ascorbic acid assay and 
nitrogen determinations were performed on 
the corneas. 

The ascorbic acid content of corneas in- 
jured by hydrochloric acid decreased im- 
mediately after application of the burn and 
remained significantly lower than the con- 
tent of the normal controls for approxi- 
mately 120 hours after onset of injury (table 
2). After 120 hours there no longer was any 
significant difference between the burned 
and normal corneas. 


TABLE 1 


COMPARISON OF ASCORBIC ACID CONCENTRATIONS 
IN NORMAL CORNEAS OF RABBITS 


No. Percent P 
Right Eye Left Eye 
13.5 14.9 
2 14.0 14.1 ” 
15.5 15.4 O04 O807 


TABLE 2 


ASCORBIC ACID CONCENTRATION IN BURNED AND 
NORMAL CORNEA AT VARIOUS TIME 
INTERVALS AFTER ONSET OF INJURY 


ime ea. Ascorbic 
Injury * Right Eye Left Eye 


0 
79 001-0. 001 


a4 
0.55 01-0.001 


— 
= w 
“ceo © 


12.7 0.01-0.001 


4.069 0.02-0.01 


0.05 0.02 


#44" Ve Oe 
- 


= 


< 


These data were expressed as the ratio 
of ascorbic acid content of the burned cor- 
nea to that of the normal cornea from the 
same rabbit (fig. 1). 

The question of whether the ascorbic acid 
itself was destroyed by the hydrochloric acid 
burn was investigated. To determine this the 
following experiment was performed. 

Normal rabbits were killed by air in- 
jection and both normal corneas removed 
and placed in dry test tubes. To the right 
corneas 14 drops of 1.0N. hydrochloric acid 
were added over a period of one minute. 
Similarly 14 drops of distilled water were 
added to the left corneas. Twenty-percent 
metaphosphoric acid was added to all tubes 
and after one hour the extracts were assayed 
for ascorbic acid and nitrogen determina 
tions made on the corneas, No significant 
difference in the ascorbic acid value of 
burned and normal corneas was found 
(table 3). 


AQUEOUS HUMOR ASCORBIC ACID 


The effect of this injury on the ascorbic 
acid concentration of the aqueous of the 
anterior chamber was determined. 


4a 
120 
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Ol 
05 
oun 


Individual determination 
o Average of determinations 
24 48 72 96 120 144 168 


Hours after onset of injury 


Fig. 1 (Guidry, Allen, and Kelly). Ratio of ascorbic acid content of the burned cornea to that of the 
normal cornea from the same rabbit. 


A considerable amount of difference was 
found in the concentration of ascorbic acid 
in the normal anterior aqueous of different 
rabbits, but the difference in concentration in 
the two normal eyes from the same animal 
was found to be rather small (table 4).* 
There was no significant difference between 
the right and left eye values in this set of 
animals. 

The right eyes of a group of rabbits were 
burned by the standard burning technique 


* The aqueous ascorbic acid values obtained in 
these experiments are higher than usually reported ; 
however, the blood plasma ascorbic acid levels were 
higher than usual in this series of rabbits, probably 
because of the dietary supplementation with cabbage. 
The average plasma ascorbic acid level was 2.7 
mg. percent with a range of 2.07 to 3.32 mg. per- 
cent. Similar rabbits without cabbage added to the 
basic diet averaged approximately 1.0 mg. percent 
ascorbic acid plasma levels. 


and at various time intervals after onset of 
injury the animals were killed by air injec- 
tion, Samples of anterior chamber aqueous 
humor were immediately obtained and 
flushed into 20-percent metaphosphoric acid. 
Ascorbic acid was assayed by titration and 
the values from the burned eyes compared 
to the control eyes. There was no immediate 
effect on the aqueous humor ascorbic acid 


TABLE 3 


IMMEDIATE EFFECT OF BURN ON CORNEAL 
ASCORBIC ACID 


wa. Ascorbic 


Animal R.E./L.E. 
No. Acid ‘mg. N T P 
Right Eye Left Eye Percent 
9.5 9.9 
2 13.0 15. a7 
5 9.2 i. 
4 9.2 7. 
5 10.5 10. 
6 6.0 we 
7 5.8 7. 


100 

70 

40 

20 

10 
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TABLE 4 


COMPARISON OF ASCORBIC ACID CONCENTRATION IN 
NORMAL ANTERIOR CHAMBER AQUEOUS OF 


RABBITS 
pa. Ascorbic Acid / 
‘Right Eye Left Eye 
! 49.1 0.9 120 
2 49.0 51.5 95 
5 51.5 48.5 106 
4 M4 


1.29 


content by the hydrochloric acid injury 
(table 5). Twenty-four hours after onset 
of injury, however, there was a significant 
decrease in aqueous ascorbic acid concentra- 
tion, and this decrease persisted for approxi- 
mately 120 to 144 hours after onset of in- 
jury. 

These data were expressed as the ratio of 
ascorbic acid content of the anterior aqueous 
of the burned eye to that of the normal eye 
from the same rabbit (fig. 2). 


TABLE § 


ASCORBIC ACID CONCENTRATION IN ANTERIOR 
CHAMBER AQUEOUS OF BURNED AND 
NORMAL RABBIT EYES 


Time pa. Ascorbic Acid/ R.E. / 
Exp. 100ml. Aqueous L.E. 1 p 
No. Right Left Per. 
Injury kye Eye cent 
(hre.) 
0 55.8 “4 92 
2 a1.5 78.0 104 0% O09 
5 71.6 “7 103 
4 “0.9 72.8 
19.2 29 6 65 
2 15.4 73 
5 26.3 6.0 73 5.30 0.01-0.001 
20.4 35.4 58 
48 30.5 41.4 73 
2 36.6 $2.9 69 7.43 001-0 OOF 
5 10.1 23.4 43 
4 16.5 “4 6 
72 19.9 “2 
2 18.9 “0 56 11.62 0.01-0.001 
25.5 46.3 55 
4 14.3 35.6 
i 47.5 64 
2 53.4 $7 645 001-0 OO 
3 12.9 4.1 $4 
4 22.4 “9 $1 
120 i 0.9 “4.7 91 
2 23.1 27.2 as 00 0.001 
5 42.9 46.9 91 
4 37.3 40.8 91 
144 37.2 16 
2 37.4 on 20 O01 065 
95 
4 2 8 26.1 80 
2 49.2 51.9 95 267 02-01 
5 7 49.0 79 


UTILIZATION OF ASCORBIC ACID BY BURNED 
CORNEAS 


Both eyes of a group of rabbits were 
burned by the standard burning techniques. 
At several time intervals after onset of in- 
jury (corresponding to time periods when 
aqueous ascorbate concentration was at its 
lowest) the corneas were removed after 
the animals were killed. They were placed in 
9X10°°M phosphate buffer of pH 7.0 con- 
taining ascorbic acid. The buffer was made 
isotonic by the addition of sodium chloride. 
Some of the corneas were placed in ascorbic 
acid-free buffer as controls to determine the 
amount of this substance which could be 
washed out of the cornea into the buffer 
during the period of incubation, A control 
flask containing buffer and ascorbic acid but 
no corneas was also incubated to determine 
the amount of ascorbic acid spontaneously 
destroyed during the experiment. 

All of the flasks were incubated at 37°C, 
for one hour with shaking, after which 
aliquots of the suspending media were taken 
and assayed for ascorbic acid. No significant 
utilization of ascorbic acid by burned cor- 
neas was demonstrated (table 6), 


UTILIZATION OF ASCORBIC ACID BY BURNED 
IRISES 


xperiments identical with those just de- 
scribed for burned corneas, with the excep- 
tion that irises were substituted for corneas, 
were performed. No significant utilization of 
ascorbic acid by these irises was demon- 
strated with the technique used (table 7). 


TABLE 6 
L'TELIZATION OF ASCORBIC ACID BY BURNED 
CORNEAS 
Ascorbic 
Acid in Total Acid 
Hr. After Media Hed Ascorbic in Media After 
urn After In- — Acid In ubation 
cubation Media in Media with Tissue 
(Control) 
44 ua. 17° wa. pa 432° pa. (12°) 
96 480 pa. O* wa. 450 we pa (2°)) 


ol two determinations 
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30. | 
Individual determination 
20 o Average of determinations 
10. 
24 48 72 96 120 144 168 


Hours ofter onset of injury 


Vig. 2 ((uidry, Allen, and Kelly). Ratio of ascorbic acid content of the anterior aqueous of the burned 
eye to that of the normal eye from the same rabbit. 


| EPrECT OF ACID BURNS OF CORNEA ON POS- 
TERIOR/ ANTERIOR AQUEOUS HUMOR ASCOR- 
BIC ACID RATIOS 


Considerable variation in the ratios of the 
concentration of ascorbic acid in the posterior 
chamber aqueous to that of the anterior 
chamber aqueous of normal eyes from dif- 
ferent rabbits was observed (table 8), How- 
ever, there was no significant difference in 
| these ratios for the two normal eyes of the 
| same rabbit in the group studied. 


TABLE 7 
THAZATION OF ASCORBIC ACID BY IRISES 
FROM BURNED EVES 
Ascorbic 
Hr, After Media Spilled Ascorbic in Media After 
n After In ne Acid Incubation 
cubation Media in Media with Tissue 
(Control) 
4a 409 pe 17° wa. pe (127%) 
72 SAR ua. 594 pa (10%) 


* Average of two determinations. 


The right eyes of a group of rabbits were 
burned by the standard burning technique. 
At various time intervals after onset of in- 
jury, the aqueous samples from the posterior 
and anterior chambers were removed, and 
assayed for ascorbic acid. 

The ascorbic acid content of the aqueous 
of the posterior chamber of the burned 


TABLE 8 
THE RATIOS OF POSTERIOR CHAMBER AQUEOUS 


ASCORBIC ACID TO ANTERIOR CHAMBER 
AQUEOUS ASCORBIC ACID ON NORMAL 


RABBITS 
Ratio of Ascorbic Acid 
Ex in Posterior Chamber 
No to Anterior Chamber T P 
Ere Left Eye 
or 
2 1.45 1.63 0.35 0.80.7 
; 1.40 1.40 
1.25 


| # 100 § 
80 | 
70 
° 
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TABLE 9 


COMPARISON OF ASCORBIC ACID CONCENTRATION OF 
POSTERIOR CHAMBER AQUEOUS IN BURNED 
AND NORMAL EYES 


Time 
After 
xp. Ascorbic Acid pa. 
po No. 100 ml. Aqueous T P 
Right Eye Left Fye 
a4 71.7 78.5 
2 45.8 30.6 198 
65.7 06.4 
4 “6.9 aia 
45 
2 46.0 61.3 
45 65.2 61.0 
4 67 
i2 45.0 
2 57.5 55.6 342 0050.02 
4 0.7 4.0 
4 43.4 


eyes was not significantly different from that 
of the normal eyes at 24 and 48 hours (table 
9). There was, however, a decrease in pos- 
terior aqueous concentration at 72 hours 
after onset of injury. The significance of 
this difference is borderline and, due to the 
great difficulty in obtaining posterior aque- 
ous in the burned eyes at this time period, 
it is highly probable that this difference is 
insignificant. 

The ratio of ascorbic acid content of the 
aqueous of the posterior chamber to that of 
the anterior chamber of the burned eye was 
significantly higher than the ratios in the 
normal eye (table 10) for the time periods 
24, 48, and 72 hours. 


TABLE 10 
RATIO OF CONCENTRATION OF ASCORBIC ACID IN 
POSTERIOR CHAMBER AQUEOUS TO THAT IN 
ANTERIOR CHAMBER AQUEOUS FOR 
BURNED AND NORMAL FYPS AT 
THREE TIME INTERVALS APTER 
ONSET OF INJURY 


Time Ratio of Concentration 
After :, of Ascorbic Acid in 
Onset of EXD. Posterior Chamber T 
Injury No. Anterior Chamber 
(hre.) Right Fye Left Eye 
24 1.634 1.15 
1.935 1.65 
‘4 2.03 1.67 
44 1.82 1.15 
2 1 82 1.26 7.63 0 01-0.001 
2.6 1.35 
4 2.10 14 
72 1 1.62 1.10 
2 1.65 1.17 OO -0 OD 
‘ 1.65 1.248 
4 1.92 1.42 
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AQUEOUS HUMOR LACTATE 


The effect of hydrochloric acid injury of 
the cornea on the concentration of lactic 
acid in the anterior aqueous was determined. 
The right eves of a group of rabbits were 
burned as previously described and the ani- 
mals were sacrificed by air injection at vari- 
ous time intervals after onset of injury. An- 
terior aqueous samples were obtained and the 
lactate content determined. There was a sig- 
nificant decrease in the lactate content of 
the anterior aqueous in those eyes which 
were injured by the acid (fig. 3). The points 
at each time interval are averages of four 
determinations. This decrease in the lactate 
concentration paralleled the decrease im an- 
terior chamber aqueous ascorbic acid con- 
tent. 

DISCUSSION 


The ascorbic acid content of the cornea of 
rabbit eyes injured by hydrochloric acid 
was markedly decreased immediately after 


Burned aqueous lactate /contro! aqueous loctote (%) 
3 


24 48 72 96 
Hours ofter onset of injury 


Fig. 3 (Guidry, Allen, and Kelly). Concentration 
of lactate im anterior-chamber aqueous of burned 
eyes at various time intervals after onset of injury 
(All points represent averages of determinations on 
four animals. ) 


10 4 


the application of the injury. This concentra- 
tion remained lower than normal for the first 
few days after onset of injury and slowly 
increased as the cornea healed, The ascorbic 
acid itself was not destroyed by the injury, 
but apparently was released from the cornea 
by the acid and was washed away by the 
acid and the wash water used during the ap- 
plication of the injury. 

The ascorbic acid concentration of the 
anterior aqueous was not immediately af- 
fected by the injury, but 24 hours after on- 
set of injury this concentration decreased 
significantly and remained low for several 
days. Then the concentration increased and 
normal values were obtained at approxi- 
mately the same time that the concentration 
of ascorbic acid in the cornea reached a 
normal value. 

Several postulates were formed to explain 
the decrease in anterior aqueous humor as- 
corbic acid, These were : 

a. Abnormally rapid utilization of the 
aqueous ascorbic acid by the burned corneas 
and/or by the irises of the burned eye. 

b. An increase in the permeability of the 
iris. This postulate was prompted in part by 
the observation that iritis was observed with- 
out exception in all of the burned eyes. 

c. A decrease in the rate of secretion of 
ascorbic acid into the posterior aqueous 
chamber. 

The data on the utilization of ascorbic 
acid by burned corneas and the irises of the 
burned eyes showed that there was no actual 
utilization of ascorbic acid by these tissues 
under the experimental conditions. There- 
fore postulate (a) was untenable. 

The posterior aqueous humor of the nor- 
mal rabbit eye has been shown by Kinsey” 
to contain approximately one and one-half 
times as much ascorbic acid as the anterior 
chamber. Therefore, if the irises of the 
burned eyes became more permeable than 
those of the normal eyes thus allowing an 
increase in the rate of escape of ascorbic 
acid from the anterior chamber, and if the 
secretion of ascorbic acid into the posterior 
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chamber were unaffected, one would expect 
an increase in the ratio of the concentrations 
of ascorbic acid in the posterior chamber 
to that in the anterior chamber. The data 
obtained supports this hypothesis. 

it was further shown that there was no 
significant difference in the concentration of 
ascorbic acid in the posterior chambers of 
the burned and normal eyes indicating that 
the secretion of ascorbic acid was not sig- 
nificantly influenced by the burn. 

The lactate of aqueous humor is believed 
to be derived from the lens. It is thought 
that this substance enters the aqueous in the 
posterior chamber and is carried into the 
anterior chamber by normal aqueous flow. 
The decrease in concentration of lactate in 
the anterior aqueous in the burned eyes also 
supports the hypothesis that permeability of 
the iris vessels was increased as a result of 
the burn. 

SUMMARY 


1. The ascorbic acid content of rabbit 
cornea is significantly decreased immediately 
after injury by hydrochloric acid. The as- 
corbic acid itself is apparently not destroyed, 
but it is released from its bound sites in the 
cornea and is washed away during the burn- 
ing procedure. 

2. The ascorbic acid concentration in the 
anterior aqueous humor is not immediately 
affected by the injury, but a decrease in con- 
centration occurs 24 hours after onset of in- 
jury. Data have been presented which sug- 
gest that the immediate cause of the decrease 
in anterior chamber ascorbic acid is an in- 
crease in the permeability of the iris vessels. 
This is apparently due to the iritis which is 
always observed in the burned eye. No sig- 
nicant difference in the rate of secretion of 
ascorbic acid into the posterior chamber was 
found in the burned and normal eyes. 

1430 Tulane Avenue (12). 
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DISCUSSION 


De. Jonas S. Friepenwatp (Baltimore, Mary- 
land): It is gratifying when, in a study of this 
sort, reasonable expectations are fulfilled, Trauma 
to the cornea of sufficient severity should affect the 
blood-aqueous barrier, rendering it more permeable. 
Ascorbic acid, normally present in the aqueous in 
great excess over its plasma concentration, should 
diffuse out with greater facility, and the concentra- 
tion in the anterior chamber should fall. The au- 
thors find the aqueous-ascorbic concentration at a 
low level following the injury, as one would ex- 
pect. 
Unhappily, they have done only half of the job 
in this study. They have shown that the expected 
event occurred; they have not shown that it oc- 
curred by the expected mechanism. 

A complete study of this phenomenon should in- 
clude two other features. If the blood-aqueous 
barrier is broken by this injury, that can be tested 
directly by appropriate techniques, by an increase 
in the aqueous protein, or by the inulin test worked 
out many years ago by Swann and Hart. 

In addition, there is need to consider the possibil- 
ity that the rate of aqueous secretion might be di- 
minished as a consequence of the corneal injury. 
Direct tests for the rate of aqueous flow are now 
available, and they need to be done in this experi- 
ment before the study can be said to be complete. If 
the aqueouses were stagnant, even if the blood- 
aqueous barrier in the anterior chamber is not 


altered, one would expect a decline of aqueous 
ascorbate. There are nowadays direct methods of 
measuring the rate of aqueous flow. 

The notion that corneal injury may cause partial 
inhibition of aqueous-humor secretion is, in fact, 
supported by a good deal of indirect evidence. Re- 
cent studies by Kinsey, by Becker, and by myself 
show that the turnover rate of ascorbic acid in the 
undisturbed rabbit's eye is over 2.0 (somewhere 
between 2.0 and 2.5) percent per minute. Of this, 
roughly a half percent represents diffusional ex- 
change, and something over 1.5 percent represents 
flow 


Many years ago, Dr. Buschke and I attempted to 
measure the turnover rate of ascorbic acid by the 
very naive and simple procedure of injecting a 
large excess of ascorbic acid into the anterior 
chamber and observing the disappearance of the 
artificial excess at various times later. We did this 
injection with the maximum precaution not to 
irritate the rabbit's eye. We found that we could 
remove the aqueous 20 and 40 minutes after such 
an injection, and that it contained no excess pro- 
tein, so that we had not seriously irritated the eye 
or broken the blood-aqueous barrier. What we 
found at that time was a turnover rate of less than 
1.0 percent per minute. 

Incidentally, the authors quote these contradic. 
tory findings between the older experiments and the 
more recent ones; and I think the only serious in- 
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terpretation which can be given to this difference is 
that the mere sticking of a needle through the 
cornea temporarily diminishes aqueous secretion. | 
would suspect that burning it with one normal 
strength hydrochloric acid might be equally effec- 
tive. 

At any rate, what I think is that the authors 
have opened an entertaining field, and I hope they 
will be encouraged to finish the job they have be- 
gun. 


WOOD LYDA AND STUART W. LIPPINCOTT 


Da. M. A. Gutpry (New Orleans): I want to 
thank Dr. Friedenwald for his kind remarks and 
suggestions. We know that the work is only half 
done; | only wish I could convince myself that it 
is half done. 

There are experiments now in progress which we 
hope will yield information toward the goal of 
finding out exactly if this blood-aqueous barrier 
has been broken, and what the direct cause of this 
break might be. 


LENS-INDUCED ENDOPHTHALMITIS* 


EXPERIMENTAL BILATERAL ENDOPHTHALMITIS PHACOANAPHYLACTICA 


Woop Lypa,' M.D., anp Stuart W. Lippincott? M.D. 
Seattle, Washington 


The purpose of the experimental study 
to be reported was to determine (1) if a bi- 
lateral endophthalmitis phacoanaphylactica, 
similar to that occurring in human sub- 
jects," could be produced in noncataractous 
rabbits by injuring first one lens and then 
the other, and (2), if possible, to establish 
the essential factors needed for the develop- 
ment of the process. 

Lens sensitivity studies in animals have 
been reported by a number of investigators, 
notably by Verhoeff and Lemoine,* Burky 
and Woods,’ Burky and Henton,*® and by 
Miller.’ Burky and Henton* successfully 
sensitized rabbits to lens antigen by the sub- 
cutaneous injection of lens material and an 
adjuvant of prepared staphylococcus toxin. 
When the eyes of these systemically sensi- 
tized animals were traumatized by rupturing 
the lens, a reaction claimed to be similar to 
endophthalmitis phacoanaphylactica was pro- 
duced, In subsequent studies these authors 
were able to demonstrate positive skin tests 
to lens antigen, as well as high precipitin 
titers in the serum of their animals. 

Our intent in the present study was to 
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parallel in rabbits the sequence of events that 
are reported to lead to the development of 
bilateral endophthalmitis phacoanaphylactica 
in humans. It was proposed to sensitize the 
animals to lens antigen systemically by in- 
jecting an adjuvant into the traumatized 
lenses, rather than to use the subcutaneous 
injection of lens material and an adjuvant 
described by Burky and Henton.* 


PROCEDURE 


There were 40 young adult albino rabbits 
weighing 2.0 to 2.5 kg. used in the experi- 
ment. The rabbits were divided into group- 
ings for the four phases of the study, four 
rabbits being reserved as controls. 

In the first phase of the experiment eight 
rabbits were systemically sensitized to ox 
serum by the method of Schlaegel and 
Davis.* Subcutaneous injections of ox serum 
were administered at five-day intervals until 
a highly positive Arthus phenomenon was ob- 
tained following the fifth injection. 

The lenses of the right eyes of the eight 
rabbits and of the four controls were punc- 
tured with a Ziegler knife and the lens ma- 
terial agitated into the anterior chamber. 
Clinically, there was a minimal inflammatory 
response in the eyes that did not differ from 
the response observed in the controls. A 
slight conjunctival hyperemia and cloudiness 
of the anterior chamber from the dispersed 
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lens material was the only response noted. 
This reaction had completely subsided by 72 
hours. 

Three intradermal injections of lens anti- 
gen, given at three- to five-day intervals were 
negative. 

At two weeks, discission of the posterior 
lens capsule of the left eye was done by 
puncturing the posterior sclera with a Zeig- 
ler knife and then scratching the lens cap- 
sule posteriorly” (fig. 1). 

Following the discission into the posterior 
capsule there was a mild response similar 
to that seen in the right eyes. This reaction 
also subsided within 72 hours. 

Histologic sections of both eyes of the 
serially killed animals showed a minimal 
cellular response which had disappeared by 
four days. A _ few  pseudoeosinophilic 
polymorphonuclear leukocytes were noted 
near the ciliary body and a few mononuclear 
cells were observed clustered near the an- 
terior retina. The only other finding was a 
relative vasodilatation of the vessels of the 
ciliary body and iris (fig. 2). 

In the second phase of the experiment 
eight rabbits were systemically sensitized by 
the same method as were the animals in the 
first group. At the time of the discission of 
the right lenses 0.2 cc. of a commercially 


Fig. | (Lyda and Lippincott). Rupturing the 
posterior lens capsule by passing a Graefe knife 
through the sclera behind the equator. 
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Fig. 2 (Lyda and Lippincott). Histologic section 
of the right eye of a rabbit sensitized to ox serum 
and a discission of the lens done. 


prepared solution of staphylococcus toxin 
was injected into the dispersed lens material 
as an adjuvant. 

The clinical response in this group did not 
differ from that found in the first group or 
in the controls. A minimal conjunctival hy- 
peremia incidental to the trauma was seen 
but it subsided within 72 hours (fig 3). 

There was a negative response to the 
three skin tests to lens antigen in this group. 

At two weeks a posterior discission of the 
lenses of the left eyes was done, This pro- 
cedure was also followed by a minimal con- 
junctival hyperemia that cleared within 72 
hours. 

Histologic sections of both eyes of the 
serially killed animals showed findings simi- 
lar to those seen in the first group. There 
were a few leukocytes and mononuclear cells 


Fig. 3 (Lyda and Lippincott). The appearance 
of the right eye of an ox-serum sensitized rabbit 
after discission and injection of staphylococcus 
toxin the lens. 
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scattered in the region of the ciliary body, 
a slight degree of vasodilatation, and a dis- 
persion of lens material into the vitreous 
(fig. 4). 

In the third phase of the study four rab- 
bits were systemically sensitized to staphy- 
lococcus toxin by the intravenous injection 
of 1.5 cc. of a commercially prepared solu- 
tion. At 24 hours a skin test to the staphy- 
lococcus toxin was considered to be a two- 
plus to three-plus reaction. A simple discis- 
sion into the right lenses was then made. 

The resulting response consisted of a mild 
conjunctival hyperemia and ciliary blush that 
increased slightly during the first 24 hours 
but disappeared at 72 hours, 

Skin tests to lens antigen were negative 
on three occasions. 

At two weeks a posterior discission of the 
left lenses was performed. There was again 
a mild response that cleared within 72 hours. 

Histologic sections of the right eyes 
showed no signs of inflammation or vaso- 
dilatation. The left eyes revealed a few 
leukocytes and mononuclear cells infiltrating 
from the region of the ciliary body. 

In the final phase of the experiment 16 
rabbits were systemically sensitized to 
staphylococcus toxin by the intravenous in- 
jection of 1.5 cc. of a prepared solution. After 
a 48-hour waiting period the animals were 
skin tested by the intradermal injection of 
0.1 ce. of the same preparation. When the 


Fig. 4 (Lyda and Lippincott). Histologic section 
of the right eye of a rabbit sensitized to ox serum 
and staphylococcus toxin injected into the eye at 
the time of the discission. There is very little re- 
action present. 
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Fig. 5 (Lyda and Lippincott). The appearance 
of the right eye 24 hours following discission and 
injection of staphylococcus toxin in a staphylococ- 
cus sensitized rabbit. 


tests were read at 24 hours they were inter- 
preted as being a three-plus response and in- 
dicative of an adequate sensitization. 

A discission of the right lenses was per- 
formed and 0.2 cc. of the staphylococcus 
toxin was injected into the dispersed lens 
material. 

Clinical observation of the eyes during the 
first 24 hours revealed a rather marked in- 
flammatory reaction following the discission 
and injection of the staphylococcus toxin. 
The cornea became cloudy in its central por- 
tion. There was a well-developed ciliary 
blush and conjunctival hyperemia. Many 
cells were seen in the anterior chamber and 
on the surface of the posterior cornea and 
there appeared to be vasodilatation of the 
iris vessels (fig. 5). At 48 hours the reaction 
was even more marked. The conjunctiva was 
chemotic as well as hyperemic. There were 
heavy precipitates on the posterior cornea 
and the cornea had become so cloudy that 
the iris could not be seen. At 72 hours the 
severity of the reaction remained unchanged 
(fig. 6). At five days there was some clearing 
of the cornea so that a fairly marked dilata- 
tion of the iris vessels could be seen as well as 
precipitates on the posterior cornea. The con- 
junctival hyperemia and ciliary blush re- 
mained about the same. At eight days the 
ciliary blush was still intense but most of 
the chemosis had subsided. A membranelike 
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Fig. 6 (Lyda and Lippincott). The appearance 
of the right eye 72 hours following discission and 
injection of staphylococcus toxin in a staphylococ- 
cus sensitized rabbit. 


structure could be seen over portions of the 
disturbed lens material. 

An intradermal skin test to lens antigen 
was made 48 hours following the discission 
and injection of staphylococcus toxin into 
the right eyes. When the skin tests were read 
after 24 hours there was slight increase in 
the skin reactions as compared to the con- 
trols. At five days the test was repeated and 
at the end of 24 hours a one-plus to two- 
plus response, as judged by Burky and 
Woods® criteria, was found (fig. 7). At 
eight days the test was repeated for the third 
time and an average response of two-plus 
was found after 24 hours (fig. 8). 

Following the final skin test to lens anti- 
gen and eight days following the trauma to 
the right eyes, a discission was made through 
the posterior lens capsules of the left eyes 
with a Ziegler knife. Within 24 hours there 
was a moderate inflammatory response as 
evidenced by a conjunctival hyperemia, cili- 
ary blush and corneal haziness, This reac- 
tion became progressively more severe so 
that at 48 hours there was a marked chemosis 
and a cornea so cloudy that the iris could 
not be seen clearly. 

It was interesting to note that at this time 
there was a resurgence of the inflammatory 
response in the right eyes as evidenced by a 
more intense conjunctival injection and an- 
terior chamber cloudiness. 


Fig. 7 (Lyda and Lippincott). A positive skin 
reaction to lens antigen in a rabbit systemically 
sensitized to staphylococcus toxin and the toxin 
injected into the lens substance. 


At 72 hours the reaction was still more 
severe in the left eye but after the fourth 
day the process gradually subsided, the left 
eyes reaching a quiescent state before the 
right eyes at the 21st day of observation. 

Histologic sections of the right eyes of 
rabbits killed 24 hours after discission of the 
left eyes showed a rupture of the lens 
capsule and beginning proliferation of the 
lens epithelial cells. There was an infiltra- 
tion of the iris and ciliary body with nu- 
merous leukocytes. Nests of these cells could 
be seen in the lens substance. Near the retina 
there was an accumulation of mononuclear 
cells. A moderate dilatation of the vessels of 


Fig. 8 (Lyda and Lippincott). A second positive 
skin test to lens antigen in a rabbit systematically 
sensitized to staphylococcus toxin and the toxin 
injected into the lens substance. 


123 
ee 
“4 
¢ 
t 
— 
a 
me, %, 


124 


the choroid, iris, and ciliary body could be 
seen (fig. 9). In the left eyes there was a 
similar response with a preponderance of 
leukocytes, scattered mononuclear cells, and 
an edema of the ciliary body and choroid 
being found. 

At 48 hours the histologic studies of the 
right eyes showed an intensity of response 
similar to that found in the first 24 hours. 
In addition, many of the leukocytes seemed 
to have ingested large amounts of lens ma- 
terial. These cells appeared to have origi- 
nated in the dilated vessels of the ciliary 
body and iris. The mononuclear cells tended 
to congregate nearer the retinal vessels and 
posterior ciliary body. The left eyes of the 
animals killed at 48 hours showed a response 
very similar to that observed in the right 
eyes, but less marked. There were fewer 
cells and less vasodilatation (fig. 10). 


Fig. 9 (Lyda and Lippincott). Histologic sect’on 
of the right eye of a rabbit killed 24 hours follow- 
ing discission of the left eye. There is an infiltra- 
tion of the iris and the ciliary body and portions 
of the lens substance with polymorphonuclear leu- 
kocytes. 
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Fig. 10 (Lyda and Lippincott). Histolowic sec- 
tion of the left eye of a rabbit killed 48 hours after 
discission. There is a moderate vasodilatation and 
cellular infiltration is present. 


Fig. 11 (Lyda and Lippincott). Histologic sec- 
tion of the right eye of a rabbit killed 72 hours 
after discission of the left lens. There is an ac- 
cumulation of dispersed cells in the lens material, 
some of which contain ingested lens material. 
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Fig. 12 (Lyda and Lippincott). The findings in 
the right eye of a rabbit killed four days following 
discission of the posterior capsule of the left lens. 
There are a few cells present but a significant vaso- 
dilatation of the uveal vessels persists. 


The histologic sections of the right eyes 
of the animals killed at 72 hours revealed a 
less intense cellular response. The leukocytes 
tended to accumulate in the dispersed lens 
material with only a few of the cells being 
seen in the vitreous. Those cells located in 
the lens contained quantities of ingested lens 
substance (fig. 11). In the left eyes there 
were relatively more mononuclear cells and 
these also contained ingested lens material. 
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Fig. 13 (Lyda and Lippincott), 
The findings of the left eye of a 
rabbit killed five days following the 
discission of the left lens. Small 
groups of mononuclear and leuko- 
cytic cells can be seen 
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The leukocytes tended to accumulate in 
the lens material and the mononuclear cells 
tended to accumulate nearer the retina. 

The right eves of the rabbits killed at 
four days had a lessening in the total cellular 
response. The predominant cell continued to 
be the leukocyte with only a few scattered 
mononuclear cells being found, Although 
there was a decrease in the cellular response, 
the edema and vasodilatation of the con- 
junctiva and uvea persisted (fig. 12). The 
left eyes of the animals had only a small 
number of leukocytes in the anterior vitreous 
and in the lens substance, but there was a 
significant degree of vasodilatation of the 
conjunctiva, iris, and ciliary body. 

In the rabbits killed at five days, that 
clinically had a slight decrease in the inflam- 
matory response, the histologic sections of 
the right eyes revealed small groups of 
leukocytes and a few mononuclear cells. In 
the left eyes there was a diffuse spread of 
amorphous lens material in a vitreous con- 
taining a few scattered cells (fig. 13). 

The histologic sections of the eyes of the 
rabbits killed at 9, 17, and 21 days showed 
a few scattered mononuclear and leukocytic 
cells. The edema and vasodilatation was less 
marked. Proliferation of the anterior 
epithelial and equatorial cells attempting to 
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close the defect in the lens capsule had pro- 
gressed remarkably so that much of the solid 
lens material was surrounded by these cells. 

The relatively small amounts of cellular 
response seen in the sections of the eyes did 
not seem to correlate well with the intensity 
of the clinical response. Upon studying the 
sections it was felt that much of the clinical 
response was on the basis of a marked vaso- 
dilatation of the conjunctiva, iris, choroid, 
and ciliary body. 


CoM MENTS 


At the beginning of the study it was postu- 
lated that a nonspecific, generalized, hyper- 
sensitivity state was necessary to produce 
an endophthalmitis phacoanaphylactica in 
animals because so many of the patients seen 
with the disease had a history or some evi- 
dence of systemic allergies. However, in the 
first group of animals in which a systemic 
hypersensitivity state to ox serum was pro- 
duced there was neither clinical nor histo- 
logic evidence of any sensitivity to lens ma- 
terial following discission of the lens. This 
finding led us to believe that under the con- 
ditions of the experiment rabbits required 
some factor other than a nonspecific hyper- 
sensitivity state to become systemically sen- 
sitized to lens material. 

From the results of Burky and Woods® 
experiments it was decided that an adjuvant 
injected into the dispersed lens material 
might be the factor necessary for the de- 
velopment of a sensitivity to lens material. 

The adjuvant chosen was staphylococcus 
toxin because this material had been used as 
an adjuvant by Burky and Woods® and be- 
cause staphylococcus is one of the more 
common contaminants found in the con- 
junctival sac. 

When staphylococcus toxin adjuvant was 
injected into the eyes of the ox-serum sen- 
sitized animals, there was neither a detect- 
able reaction nor evidence of a phacoanaphy- 
lactic response. The changes noted were no 
greater than those found in the controls or 
in the first group of animals. Skin tests to 
lens antigen were negative, as well. 


It was then decided that a systemic sen- 
sitivity to an adjuvant might be the neces- 
sary factor in producing the disease. 

In the rabbits systemically sensitized to 
staphylococcus toxin and the toxin injected 
into the lens substance at the time of the 
discission of the right lenses, a marked in- 
flammatory response developed. One week 
following this response skin tests to lens 
antigen were weakly positive. 

We felt the inflammatory response pro- 
duced was an ocular Arthus phenomenon to 
staphylococcus toxin. Lens material appar- 
ently participated in the reaction in such a 
way that a moderate systemic sensitivity to 
lens antigen developed. It would seem that the 
ocular Arthus phenomenon was necessary to 
produce a systemic lens sensitivity in rabbits, 
as negative results were obtained when the 
toxin was injected into nonspecifically sen- 
sitized rabbits. 

When lens material was dispersed into 
the vitreous of the fellow eye in the lens- 
sensitized rabbits, there was a moderate in- 
flammatory response not noted in any of the 
other groups. 

This response was postulated as being an 
ocular Arthus phenomenon to lens substance 
in a lens sensitized animal. There seemed to 
be some support to the contention that the 
reaction was of an Arthus phenomenon type 
as the histologic findings in the two eyes 
were similar. 

From the conditions of the experiment 
it would seem that the apparent operating 
mechanism in bilateral lens-induced endoph- 
thalmitis is an Arthus phenomenon type hy- 
persensitivity reaction rather than one of an 
anaphylactic type hypersensitivity. 

It was concluded that the factors neces- 
sary for the development of bilateral endoph- 
thalmitis phacoanaphylactica in rabbits are 
(1) a systemic. sensitivity to an adjuvant 
that is later introduced into traumatized 
lens material so that an ocular Arthus 
phenomenon develops in the eye, followed by 
(2) the development of a systemic sensi- 
tivity to the released lens material and, fi- 
nally, (3) damage to the lens of the fellow 


eye with the liberation of adequate lens ma- 
terial so that an ocular Arthus phenomenon 
to lens material might occur. 


SUMMARY 


1. Attempts to produce bilateral endoph- 
thalmitis phacoanaphylactica experimentally 
in rabbits are described and the results pre- 
sented, 

2. We found that in ox serum sensitized 
rabbits a simple discission of the lens or a 
discission followed by the injection of 
staphylococcus toxin into the eye produced 
a reaction no greater than that found in con- 
trol animals. We also found that skin tests 
to lens antigen in these animals were nega- 
tive. 

3. Rabbits systemically sensitized to 
staphylococcus toxin and followed by a 
simple discission had an ocular reaction no 
greater than that found in the controls or in 
the eyes of the previous group. 

4. The injection of staphylococcus toxin 
into the lenses of the staphylococcus sensi- 
tized animals at the time of the discission 
produced a marked inflammatory response 
that was considered to be an ocular Arthus 
phenomenon. Skin tests to lens antigen, al- 
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though negative in all other groups, were 
weakly positive. 

5. Discission of the lenses in the fellow 
eyes by the posterior route resulted in an 
inflammatory response that was not found in 
the other groups and was thought to be an 
ocular Arthus phenomenon to lens antigen. 

6. From these findings it was concluded 
that for systemic sensitivity to lens antigen 
to develop in rabbits the animals must first 
be sensitized to an adjuvant and then the 
same material introduced into the lens of 
the traumatized eye. When systemic sen- 
sitivity to lens antigen is produced a rela- 
tively severe intraocular reaction occurs in 
the eye with the injured lens and when the 
lens of the fellow eye is posteriorly trauma- 
tized a phacoanaphylactic response seems to 
result. 

7. It is postulated from the histologic find- 
ings that the response is an Arthus type 
hypersensitivity. 

620 Cobb Building. 


The lens antigen for this experiment was made 
available to us through the kindness of Dr. Jonas 
S. Friedenwald and Dr. Ronald Wood of the Wil- 
mer Institute laboratories. We wish to acknowledge 
and thank Dr. R. L. Waugh, Ir, for his advice and 
counsel and to Dr. W. Topinka for his help with the 
animals. 
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DISCUSSION 
De. Freperick H. Vernoerr (Boston, Massa- repeated. Their conclusion, however, that they had 


chusetts): This experimental work by Dr. Lyda 
and Dr. Lippincott needed to be done and has 


been done so well by them that it need not be 


produced in rabbits a bilateral phacoanaphylactic 
response is open to some doubt. 
This is so because the inflammation was only 
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slightly greater in the left eyes than im the con- 
trols, and because it began to subside in four 
days, while there was still plenty of lens matter to 
cause its continuance. The resurgence of the inflam- 
mation in the right eye also contributes to the 
doubt. 

It seems possible that, however produced, a mod- 
erately severe inflammation in one eye could so 
affect the other eye that a slight inflammatory 
reaction occurring in it about eight days later 
would be considerably enhanced, The reaction in the 
first eye might so disturb the vasomotor equilibrium 
of both eyes as not only to enhance a later reac- 
tion in the second, but also to cause a resurgence 
in the first eye. 

In support of this possibility, | quote the follow- 
ing statement made by the essayists: “The relatively 
small amount of cellular response seen im the sec- 
tions of the eyes did not seem to correlate well 
with the intensity of the clinical response. Upon 
studying the sections, it was felt that most of the 
clinical response was on the basis of a marked 
vasodilatation in the conjunctiva, iris, ciliary body, 
and choroid.” 

However, since there is no positive proof to the 
contrary, | assume the essayists’ conclusion is cor- 
rect. 

Nevertheless, it seems to me that their experi- 
ments are of little significance as regards humans; 
and this is true also of all other animal experiments, 
including my own, which have to do with this 
question. Serious phacoanaphylactic endophthalmitis 
such as occurs in humans has never been experi- 
mentally produced. The reaction, as | have observed 
it in man, is relatively severe at the outset, and 
continues with increasing severity until the lens 
matter is absorbed, walled off, or removed by 
operation. The experimentally produced anaphylac- 
tic reaction is of slight severity, and subsides in a 
short time, while there is still an abundance of ex- 
posed lens matter. 

I stated 33 years ago that injury to one lens 
does not sensitize the patient so that later injury to 
his other lens will produce an anaphylactic reaction. 
That this is true, except possibly under slightly un- 
usual circumstances, in proven by the results of in- 
numerable operations upon human eyes. Every time 
an ophthalmic surgeon performs an extracapsular 
extraction of cataract, he in effect unwittingly be- 
eins an exper'ment in answer to the question at 
issue, and he completes the experiment when he 
does a similar oneration upon the other eye. Such 
overations show that. as a rule, the reaction in 
the second eye is substantially the same as in the 
first, and that a phacoananhviectic reaction oc- 
evurs in neither eve more often than can be ex- 
pleined by notural sensitivity to lens protein. 

I feel sure that. if a laboratory animal is found 
which is naturally sensitive to lens protein, dis- 
cission of one of his lenses will produce a 
phacoanaphylactic endophthalmitis worthy of the 
name. Should such an animal be found, an attempt 
should be made to breed a strain of lens-sensitive 
animals for experimental purposes. 

Of course, the possibility exists that what I have 


termed phacoanaphylactic endophthalmitis is actu- 
ally due to some other cause. But, in 33 years, no 
such cause has been discovered, and the evidence 
against it has become overwhelming, including es- 
pec ally the prompt and complete subsidence of the 
reaction on removal of the lens matter. 

1 will say here, if we are mistaken in assuming 
existence of this condition, the patient has reason to 
be grateful for the mistake, because his vision has 
been saved a good many times by removal of the 
lens matter. 

The authors refer to the clinical cases of Court- 
ney and to the case reported by Haik, Waugh, and 
Lyda. Time does not permit me to discuss these 
cases adequately; but it is my opinion that none of 
them proves that injury to the lens of one eye will 
sensitize a patient so that phacoanaphylactic endoph- 
thalmitis will occur in the other eye, even when its 
lens is injured. 

The histologic findings in Dr. Haik’s case ex- 
clude sympathetic uveitis, but do not prove phaco- 
anaphylaxis. In fact, they strongly suggest that the 
reaction in the second eye, and possibly even in the 
first, was simply that of nongranulomatous uveitis 
due, as is usual, to unknown cause. If the reaction 
in the second eye had been an allergic reaction to 
to uninjured lens, | should have expected that the 
lens, after a year's time, would have been found en- 
cased in microphages and pus cells. 

| wish to make clear that what I have said is 
in no sense a criticism of the experiments made by 
Dr. Lyda and Dr. Lippincott. I believe their experi- 
ments to be original, ingenious, and exceptionally 
well carried out; and | regard their results as im- 
portant in showing that, in rabbits, injury to the 
lens of one eye, even when it produces systemic 
sensitivity to lens protein, does not lead to serious 
inflammation when, later, the lens of the other eye 
is injured. 

De F. Hucnues, Ie (Chicago, 
nois): I cannot go back quite so far as 30 years 
but, about 15 years ago, we ran quite a series of 
skin tests in those individuals with extracapsular 
extractions and residual lens cortex, and we got 
quite a high correlation between the uveitis and the 
positive skin test to lens protein. 

This was quite a crude product; and, in the last 
10 years, using Parke-Davis material, we have 
found that very few of these cases show a positive 
test. 

What sort of material was used in your cases, 
Dr. Lyda? 

Woon Lypa (clos'ng) : I feel greatly honored 
to have Dr. Verhoeff discuss this paper and | am 
most appreciative to him for the helpful criticisms 
that he has offered and for his help in interpreting 
some of the perplexing results we found. 

| would agree with Dr. Verhoeff that the reaction 
we produced in rabbits is not the same as the 
endophthalmitis phacoanaphylactica reaction seen 
in humans. In our experiments neither the severity, 
longevity, nor histologic picture conformed exactly 
to the clinical and histologic phenomenon as it is 
seen in humans. 

However, it is our feeling that the bilateral re- 
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action we produced is an endophthalmitis phaco- 
anaphylactica for rabluts. 

It would be interesting to see if repeated, pro- 
longed, and larger doses in rabbits or in monkeys 
might not more nearly simulate the human findings. 

Qur observation that the clinical inflammatory 
response seemed greater than the cellular response 
would warrant, was meant to be a comparison with 
the clinical histologic relationship usually seen in 
bacterial endophthalmitis. That we found a fairly 
marked vasodilatation of the intraocular vasculature 
seemed to us to point to the fact that the reaction 
was a hypersensitive rather than a bacterial one. 

1 believe that the conclusions that were drawn 
from the experiments were valid ones for rabbits. 
The point that we tried to emphasize was that under 
ordinary circumstances an extracapsular cataract 
extraction does not produce a phacoanaphylactic 
response. That for such a response to develop there 
must first be a systemic sensitivity to an antigen that 
is later introduced into the intraocular lens substance. 
Under these conditions a systemic sensitivity to 


lens material develops, as shown by weakly positive 
skin tests, and, if the fellow eve is traumatized or 
cataractous, an Arthus type anaphylactic response to 
lens antigen occurs. 

In answer to the question concerning the lon- 
gevity, or time interval, between the injection of 
the staphylococcus toxin into the lens of one eye 
and discission of the fellow eye: The staphylococ- 
cus toxin was injected into the first eye at the time 
of the discission in the first eye and discission of 
the fellow eye was done eight days after positive 
skin tests to lens antigen were found. 

To Dr. Hughes’ question: Dr. Ronald Wood of 
the Wilmer Institute was kind enough to supply 
us with the lens antigen used in these experiments. 

On pilot studies before the experiment was car- 
ried out we tried a commercial product with nega- 
tive results. In both the clinic and with the rabbits 
we obtained positive skin tests with the lens anti- 
gen from Wilmer Institute and at the same time 
in the same animal or patient would get negative 
results with the commercial product. 
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THE EFFECTS OF THE CARBONIC ANHYDRASE INHIBITOR, 
ACETAZOLEAMIDE, ON THE COMPOSITION OF 
THE AQUEOUS HUMOR* 


Bernarp Becker, M.D. 
Saint Louis, Missouri 


I. INTRODUCTION 


Systemic carbonic anhydrase inhibition by 
the administration of acetazoleamide and re- 
lated compounds results in a partial suppres- 
sion of secretion of aqueous humor.’ These 
agents have proved most useful clinically in 
lowering intraocular pressure in glaucoma- 
tous eyes.** In addition, the ability to sup- 
press partially the formation of the aqueous 
permits an evaluation of current concepts 


*From the Department of Ophthalmology, 
Washington University School of Medicine, and the 
Oscar Johnson Institute. This investigation was 
supported in part by a research grant, B-621, from 
the National Institute of Neurological Diseases and 
Blindness of the National Institutes of Health, 
Public Health Service. 

The research relating to this study was also 
financed in part under a grant to Washington Uni- 
versity School of Medicine made by the Alfred P. 
Sloan Foundation, Inc. The grant was made upon 
recommendation of the Council for Research in 
(;slaucoma and Allied Diseases. Neither the Founda- 
tion nor the Council assumes any responsibility for 
the published findings of this study. 


of the nature of the secretory process. Two 
of the constituents of the aqueous which are 
found in concentrations considerably in ex- 
cess as compared with the plasma are ascor- 
bic acid and bicarbonate. Both of these 
anions are considered to play key roles in 
the secretory process.** It is the purpose 
of this paper to report the alterations in the 
concentrations of these anions in the pos- 
terior and anterior aqueous humor induced 
by the carbonic anhydrase inhibitor, aceta- 
zoleamide. The changes found to date agree 
well with the predictions of Friedenwald- 
Kinsey theories, both as to the nature of 
the secretory product and the factors deter- 
mining the composition of fluids in the 
anterior and posterior chambers of the eye. 
Furthermore, the alterations induced by 
acetazoleamide in constituents of the aqueous 
humor are consistent with estimations of 
suppression of aqueous secretion as meas- 
ured by such independent methods as tonog- 
raphy. 


— 
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Il. Meruops 


Albino rabbits weighing two to three kg. 
(Haskins Rabbitry, Saint Louis) were used 
throughout this study. Guinea pigs used 
were from the same source and weighed 
from 300 to 400 gm. Particular care was 
taken to avoid exciting animals. Results 
were found to be much more consistent when 
animals were kept in the room of the experi- 
ment in individual cages for at least 24 
hours before tapping. 

Blood was obtained by cardiac puncture, 
using a heparinized syringe. It was cen- 
trifuged at once in the cold. Blood for car- 
bon dioxide analysis was introduced directly 
beneath U.S.P. paraffin oil. Posterior cham- 
ber fluid was drawn from the tetracaine 
anesthetized, proptosed eye into a calibrated 
pipet. It was found necessary to use a 26- 
gauge platinum needle embedded in the pipet 
to avoid metallic oxidation of ascorbic acid. 
Anterior chamber punctures were performed 
immediately after the removal of posterior 
chamber fluid, using a Kinsey 0.25 ml. cali- 
brated pipet with a 24-gauge needle. The 
posterior chamber pipets were used for 
anterior chamber punctures in guinea pigs. 
The same pipets were used repeatedly, but 
cleaned and dried between uses by drawing 
hot dilute Sterox, distilled water, and ab- 
solute alcohol through them. 

Nephrectomized animals had both kidneys 
removed under intravenous pentobarbital 
anesthesia through a single posterior incision 
18 to 24 hours before use. 

Acetazoleamide (Diamox*) was adminis- 
tered as the sodium salt to intact rabbits in 
doses of 100 mg./kg. intravenously, followed 
by 25 mg./kg. every 30 minutes for six 
hours. Nephrectomized animals received a 
single dose of 100 mg./kg. intravenously. 

In order to “saturate” animals with ascor- 
bic acid, nephrectomized animals were 
given 500 mg. of ascorbic acid at the time 
of nephrectomy. Intact animals received 50 

* Supplied through the courtesy of Dr. James D. 
Gallagher, Clinical Research Section, Lederle Labo- 


ratories Division, American Cyanamid Company, 
Pear! River, New York. 


mg. ascorbic acid subcutaneously every 30 
minutes for six hours before the experiment 
began and continued for another six hours 
of acetazoleamide administration, This 
method of injection resulted in reasonably 
stable plasma ascorbic acid levels in the 15 
to 30 mg. percent range. 

Guinea pigs were given 10 mg./100 gm. 
of the sodium salt of acetazoleamide intra- 
peritoneally as a single dose to nephrecto- 
mized animals and every 30 minutes to in- 
tact animals. 

Total carbon dioxide content was deter- 
mined by the method of Van Slyke. Bicar- 
bonate values were obtained by correcting 
for carbon dioxide, assuming the pH values 
of normal rabbit plasma (7.40) and aqueous 
(7.55) described by Kinsey.* Since this cor- 
rection is very small, alterations in aqueous 
pH values induced by acetazoleamide change 
these data very little. All values are ex- 
pressed in millimols per liter of water. 

Ascorbic acid in four-percent metaphos- 
phoric acid was titrated immediately with 
dichlorphenolindophenol, using a 0.1 ml. 
Gilmont ultramicroburet. 

All experiments were arranged so that an 
initial blood and the fluids from one eye 
were drawn; the animals were then sub- 
jected to carbonic anhydrase inhibition for 
a given time interval; then the second 
samples of blood and fluids from the other 
eye were obtained. Every effort was made to 
use the same time intervals for centrifuga- 
tion, running the determinations, and so 
forth, on the samples before and after aceta- 
zoleamide. 


Ill. Resvutts 
A. BICARBONATE 


Steady-state concentrations of bicarbonate 
in the posterior and anterior chambers were 
found to be in excess of plasma concentra- 
tion by an average of 68 percent and 36 
percent respectively. In each of the 30 ani- 
mals tested, there was a considerable fall in 
both posterior chamber and anterior chamber 
concentrations of bicarbonate following six 
hours of carbonic anhydrase inhibition, but 
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very little change in plasma levels (table 1). 
The average fall in posterior chamber bi- 
carbonate was 8.4 mM/L, or from an excess 
over plasma of 68 percent down to an excess 
of 38 percent. The anterior chamber bicar- 
bonate concentration fell an average,of 7.2 
mM/L, or from an excess over plasma of 
68 percent down to an excess of only 10 
percent. These changes proved statistically 
significant. There was no significant differ- 
ence between nephrectomized and intact ani- 
mals except for a tendency for the plasma 
bicarbonate to fall slightly in intact animals. 
This is probably a result of renal diuresis of 
bicarbonate under the influence of aceta- 
zoleamide, 

Since these are essentially steady state 
data before and after carbonic anhydrase in- 
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hibition, one may apply the simplified for- 


mula of Kinsey and Friedenwald " 
Kr 
Kp 


Cac Cri 
Cre Cre 


where Ky is the coefficient of transfer by 
flow into and out of the anterior chamber; 


Kp = the coefficient of transfer by diffu- 
sion between blood and anterior cham- 
ber ; 

Croc = steady state concentration in the 
anterior chamber ; 

Cro = steady state concentration in the 
posterior chamber ; 

Cp; = steady state concentration in the 


plasma. 


The comparison of steady state data be- 


TABLE 1 
BICARBONATE RABBIT AQUEOUS (MM/L wWaTeR) 


— 


Before Acetazoleamide 


Cri Cpe Cac Cre/Cos 
22.8 33.7 1.48 
24.9 35.2 1.41 
28.7 40.0 1.39 
32.5 3493 1.21 
22.6 31.5 1.40 
18.8 29.3 1.56 
28.2 42.3 1.50 33.2 1.18 
23.1 47.4 1.62 0.0 1.0 
24.8 43.0 1.73 42.8 1.42 
21.8 4.9 1.60 27.5 1.26 
24.8 44.8 1.81 443.5 1.35 
25.4 37.3 1.47 42.5 1.28 
25.7 43.7 1.70 M7 1.35 
21.5 40.4 1.88 32.0 1.49 
24.3 42.6 1.75 M2 1.41 
*20.6 31.3 1.52 25.9 1.26 
*19 9 31.9 25.4 1.28 
*24.0 42.7 1.78 32.9 1.37 
*21.0 40.3 1.92 w.1 1.43 
*20.3 .9 1.81 28.4 1.40 
*23.2 40.8 1.76 32.0 1.38 
*19 3 35.7 1.85 29.0 1.50 
"24.8 42.2 1.70 MO 1.37 
46.7 1.84 2 1.38 
*21.8 35.6 1.63 0.0 1.37 
*19 8 346.5 1.83 28.6 1.44 
*28 38.8 1.37 2 1.25 
*25.6 1.53 41.9 1.24 
"28.4 42.6 1.50 46.8 1.30 
*25.9 42.9 1.65 45.5 1.37 
Mean 23.9 39.6 1.68 32.3 1.% 


+4.0 +£0.14 


* Nephrectomized rabbit. 
Cre= 


Six Hours After Acetazoleamide 


C pi Cm C po /C Cac Cac Cr aF% 
2.0 1.0 

4.0 

25.2 

32.5 33.3 1.03 

20.5 

20.5 
64 
(1.45 280 
§.38 26.45 ~ 56 
24 3.3 to 
20.2 
24 1.30 20.2 
28 33% 29 ta 
$3.1 +29 40:14 429 4003 


ysterior chamber concentration; Cac anterior chamber concentration; C p; = plasma concentration 


tec 14.8; tre =84; tac =; AF % = per cent change aqueous flow. 
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fore and after carbonic anhydrase inhibi- 
tion thus provides us with a measure of 


change in the ratio If Kp may be as- 

sumed to remain unchanged following accta- 
zoleamide administration, then these data 
may be used to estimate relative changes in 
Ky, the rate of aqueous flow, From measure- 
ments of the turnover of test substances in 
the ocular fluids, there is evidence that Kp 
is not significantly altered by carbonic anhy- 
drase inhibition." The agreement among 
values reported in this paper for change in 
flow induced by Diamox and especially the 
close similarity to results obtained by such 
completely independent methods as tonog- 
raphy appear to justify the assumption of 
an msignificant change in Kp. When such 
estimations were applied to the bicarbonate 
data, they were found to be consistent with 
an average of 64 percent decrease in aqueous 
flow (AF percent in table 1). 

The carbon dioxide content of the anterior 
chamber aqueous of the control eyes of 18 
guinea pigs was found to average 36.8 
mM/L or 70 percent in excess of plasma. 
Following six hours of carbonic anhydrase 
inhibition, this fell to an average of 26.5 
mM/L or 19 percent excess over plasma, 
an average statistically significant fall of 
10.3 mM/L water (table 2). Thus, the bi- 
carbonate excess in the aqueous humor and 
its reduction following acetazoleamide ad- 
ministration are not confined to rabbit eyes. 

In short-term experiments (approximately 
25 minutes) on intact rabbits, the results of 
a single administration of 100 mg./kg. ace- 
tazoleamide intravenously are presented in 
Table 3. At this short time interval there 
was no significant change induced in ante- 
rior chamber bicarbonate concentration (an 
average fall of 12 mM/L). However, the 
posterior chamber bicarbonate concentration 
had fallen significantly in 25 minutes (an 
average fall of 6.2 mM/L) and had almost 
reached its new steady state level. These 
findings are in good agreement with current 
concepts of the more rapid rate of turnover 
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TABLE 2 
COs CONTENT GUINEA PIG AQUEOUS (MM/L 


Ket ore Acetazoleamide Six Hours After 


Acetazoleam 

Cri Cac Cac/Cri C pi Cac Cac/Cr 
19.5 37.1 1.90 21.1 26.4 1.25 
17.9 53.5 1.87 272.0 25.4 1.15 
18.6 37.3 2.00 23.7 27.1 1.14 
148.0 M4 1.91 25.6 27.7 1.08 
20.0 37.0 1.85 20.8 24.6 1.18 
20.2 32.2 1.60 22.7 26.5 1.17 
20.6 M2 1.06 19.4 23.1 1.19 
22.5 M4 1.62 24.1 24.5 1.18 
*22 4 47.5 1.65 21.6 26.3 1.22 
*26 40.1 24.8 28.1 1.15 
*21.4 35.7 1.67 23.6 2748.0 1.19 
718.4 1.88 19.1 “4.2 1.27 
*22 8 “0.7 1.79 21.3 26.1 1.22 
718.1 55.2 1.95 19.4 26.5 1.35 
*21.6 2 1.82 20.5 23.2 1.13 
*20.9 1.73 22.1 26.7 1.21 
*26.1 38.5 1.48 26.4 29.2 1.11 
*25 41.8 1.62 24.2 248.8 1.19 
Mean 21.2 8 1.70 22.4 26.5 1.19 
+0.06 


* Nephrectomized. 
Cac anterior chamber concentration, ~plasma con 
centration; tac; py 12.8. 


of substances in the smaller posterior cham- 
ber as compared with the larger anterior 
chamber. The rapid decrease in posterior 
chamber bicarbonate correlates well with the 
time course of the intraocular pressure fall. 


Ls. ASCORBIC ACID 


The concentration of ascorbic acid in the 
posterior chamber rose after six hours of 
acetazoleamide by approximately 50 percent 
from an average value of 28.9 mg. percent 
(164 mM/L) to 43.2 mg. percent (2.46 
mM/L). There was also an increase in as- 
corbic acid in the anterior chamber, but only 
by about 14 percent from the normal average 
value of 22.8 mg. percent (1.30 mM/L) to 
25.9 mg. percent (1.47 mM/L.) (table 4). 
Similar rises took place in the animal with 
elevated plasma ascorbic acid (table 5). 
Here it will be noted that the saturation level 
of ascorbic acid for the posterior chamber 
averaged 76 mg. percent (4.32 mM/L) and 
increased to 113 mg. percent (6.44 mM/L), 
a value significantly higher than has been 
encountered in the rabbit not subjected to 
acetazoleamide even at plasma levels of sev- 
eral hundred mg. percent.” This was also 
approximately a 50 percent rise in posterior 


chamber concentration of ascorbic acid. 


) 


SYMPOSIUM: TRENDS IN DIAMOX RESEARCH 1a 


TABLE 3 


Before Acetazoleamide 


Cri Cree Cac Cac/Cpi 
20.9 17 1.81 29.6 1.42 
19.3 45 6 1.85 27.6 1.43 
23.0 38.2 1.66 4) 2 1.31 
19.3 47.3 1.93 28.2 1.46 
18.2 42.6 1.79 26.8 1.47 
26.6 41.4 1.56 30.2 1.14 
26.2 41.7 1.59 33.2 1.27 
24.3 45.8 1.89 35.2 1.45 
21.5 40.4 1.88 32.0 1.49 
19.2 35.2 1.84 28.8 1.50 
Mean 21.9 38.5 1.78 w.2 1.39 
S.D. +3.1 +3.4 +0.13 +2.4 +0.11 


Cpe = concentration in posterior chamber aqueous 
Cac concentration in anterior chamber aqueous 
Cp: =concentration in plasma 


There was a lesser increase in the anterior 
chamber ascorbic concentration from an av- 


erage of 66 mg. percent (3.75 mM/L) to 


TABLE 4 
ASCORBIC ACID RABBIT AQUEOUS (MG. %) 


Six Hours After Acetazoleamide 
Cro Cac Cre Cee 

24.8 4.5 0.5 253.6 —§$3 

$1.6 25.4 45.7 27.4 

32.4 22.5 448 “4.3 

22.2 17.2 35.6 19.6 64 

24.3 21.2 “0.7 23.6 

$1.2 24.6 47.2 w.0 

M.3 26.4% 424 29.1 

20.6 14.2 27.8 16.6 

41.2 35.4 “0 41.0 —6§ 

35.6 277.0 w 6 

32.5 66.5 %.5 

6 13.9 29.8 18.2 

17.7 19 0 

*23.6 16.8 19.1 §9 

*27.5 18.6 17.48 §9 

"35.4 26.45 56.9 41.4 

"19 7 5.1 24.5 13.7 

*26 22.0 35.8 21.5 ~71 

41.0 445 35.5 

5 wa 36.5 

°*26.7 243.4 6 $6 

*20.0 13.4 29.48 18.0 $4 

*27 7 24.6 41.4 —67 

*268 24.4 0 

4.5 M6 22.0 §9 

"17.0 12.6 294 4.4 ~67 

Mean 
(mg. %) 28.9 22.8 43.2 25.9 
SD. +10% 
Mean 
(mM/L) 1.64 1.47 


SF% = per cent change in aqueous flow assuming plasma as 
corbic is negligibly «mall and no change in diffusion 
constant. 

* =nephrectomized rabbit 
C pc = posterior chamber concentration 
Cac anterior chamber concentration. 


BICARBONATE RABBIT AQUEOUS (MM/L water) 


After Acetazoleamide 


Cp C pe C pe, Cr Cac Cac/C pi (min.) 
22.0 32.7 1.48 29.5 1.34 22 
22.4 29.8 1.33 27.1 1.21 25 
22.0 33.2 1.51 29.8 1.35 24 
22.6 31.6 1.40 28.0 1.24 25 
18.5 27.8 1.50 24.6 1.33 25 
27.6 35.4 1.28 29.4 1.07 25 
23.2 3.1 1.47 31.4 1.35 25 
21.9 36.7 1.67 33.2 1.51 25 
22.0 32.6 1.48 29.34 1.33 20 
19.7 29.0 1.47 27.2 1.48 25 
22.2 $2.3 1.45 29.0 1.31 
+2.3 #+2.5 +0.14 +2.2 +0.11 
= 5 
= 1.5 
tee =4.1 
tac = 1.1 


81.8 mg. percent (4.65 mM/L.), or about 
24 percent. The change in aqueous flow, as 


calculated by the alteration in > is pre- 
sented in Tables 4 and 5 assuming no 
change in Kp. For the 28 animals at normal 
ascorbic-acid levels, the inhibition of flow 
was an average of 60 percent. Those with 
elevated plasma ascorbic acid levels had an 
average inhibition of flow of 51 percent. 
The difference between these two groups of 
animals is significant only at t = 2.3, This 
tendency of ascorbic acid to reverse partially 
the inhibition of flow induced by carbonic 
anhydrase inhibition is of considerable in- 
terest. It correlates well with the partial re- 
versal of the effects of acetazoleamide on in- 
traocular pressure.” However, much more 
data are needed before one can more than 
speculate about the effects of ascorbic acid 
on aqueous flow. Tonographic and other 
methods are now being applied to this prob- 
lem. 
Discussion 


The large excess of bicarbonate im the 
posterior chamber of the eye suggested a 
role of carbonic anhydrase in the formation 
of this secretion. The finding of a reduction 
in this bicarbonate excess by carbonic an- 
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TABLE 5 


ASCORBIC ACID RABBIT AQUEOUS (MG. %) 
(elevated plasma ascorbic) 


Before Acetazoleamide 


C pc Cac Cp 
76.5 63.0 21.5 
75.8 63.8 20.6 
73.1 60.0 13.5 
77.4 62.1 17.9 
76.0 66.2 25.6 
73.9 65.4 22.5 
72.2 64.5 28.8 
°74.2 64.2 22.6 
*79 5 66.5 28.5 
"82.5 72.5 29.2 
*71.0 (0.6 18.3 
*79 0 74.0 28.6 
60.0 22.0 
"81.6 72.0 32.2 
74.5 32.4 
Mean (mg. %) 76.1 66.0 24.3 


Mean (mM /L) 4.32 3.75 1.38 


* Nephrectomized rabbit. 

C pc = posterior chamber concentration 

Cac anterior chamber concentration 

Cp; = plasma concentration 
AF % = per cent change in aqueous flow. 


hydrase inhibition strongly suggests a re- 
lationship between carbonic anhydrase and 
the bicarbonate excess found in the eye. It 
is of some interest that the decrease of bi- 
carbonate excess in the posterior chamber is 
of the same order of magnitude as estimates 
of decreased secretion induced by acetazole- 
amide. 

An even greater relative fall in bicarbon- 
ate concentration is measured in the anterior 
chamber fluid. Here, in addition to the lower 
concentration of bicarbonate entering from 
the posterior chamber, the partial stagnation 
of aqueous provides a longer time interval 
than normal for diffusion of bicarbonate out 
of the anterior chamber and a_ tendency 
toward equilibration with plasma bicarbon- 
ate levels. 

The failure of Green et al." to find sig- 
nificant changes in anterior chamber bicar- 
bonate at 30-minute intervals after aceta- 
zoleamide administration can be verified 
(see table 3). This is easily explained, how- 
ever, when one observes that the posterior 
chamber concentration of bicarbonate has 


After Acetazoleamide 


Cpe Cac Cri AF % 
112.5 82.2 21.2 
112.0 78.2 16.4 
115.0 81.4 15.6 
111.0 80.1 20.1 
118.0 79.5 29.8 
114.0 88.3 21.9 
120.0 86.0 3.0 
116.0 78.7 17.6 
120.0 80.0 26.2 
120.0 78.5 22.0 
103.0 70.5 10.5 
113.0 4.0 23.3 
110.0 86.2 19.1 
105.0 28.2 
109.0 92.5 29.4 
113.2 81.8 22.8 
S.D 
6.44 4.65 1.30 


changed almost maximally at 25 minutes, 
but that the anterior chamber effect takes 
longer than this period of time to reach a 
magnitude that exceeds the experimental 
error of measurement. 

Unfortunately Green and co-workers" 
confined their observations to the anterior 
chamber and at short time intervals, thus 
missing the profound rapid changes in the 
posterior chamber fluids and slower altera- 
tions in the anterior chamber bicarbonate 
concentrations. It is clear, therefore, that 
there is little justification for their conclu- 
sions that carbonic anhydrase activity is not 
necessary for the elaboration or maintenance 
of bicarbonate ions in the aqueous humor 
of rabbit eyes. On the contrary, there is 
every indication that aqueous bicarbonate 
concentrations as well as the rate of secre- 
tion of aqueous humor are dependent upon 
carbonic anhydrase activity. 

The rise in posterior chamber ascorbic 
acid remains unexplained, There are at least 
three possible explanations for this phe- 
nomenon : 


t 
; 
} 
or 
7 
1% 
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1. All or part of the ascorbic acid might 
be secreted by a related or independent mech- 
anism that is less dependent on carbonic 
anhydrase than the secretion of bicarbonate 
and inflow of water. Since the inflow of 
water would thus be decreased more effec- 
tively than the secretion of ascorbic acid, 
the concentration of ascorbic acid would 
rise. The amount of rise could be as much 
as 150 percent if ascorbic acid secretion were 
not inhibited at all and water inflow was 
depressed 60 percent. The actual rise found 
is only 50 percent however. This would in- 
dicate either a lesser effect on this as- 
corbic secretory mechanism or a separate 
source of ascorbic acid that is not dependent 
upon carbonic anhydrase. At any rate, it is 
clear that the entrance of ascorbic acid into 
the eye is partially inhibited by acetazole- 
amide in spite of the fact that its concentra- 
tion rises, 

la. A special case of other sources of as- 
corbie acid could conceivably be intraocular 
formation of a part of the ascorbic acid of 
the aqueous by such structures as the lens. 
This would result in a rise in aqueous as- 
corbic concentration due to the partial stag- 
nation. However, this would not be con- 
sistent with the finding of a 50-percent rise 
in the posterior chamber concentration of 
ascorbic acid at elevated plasma level (that 
is, a 37 mg. percent rise saturated versus 
14 mg. percent at normal plasma level). 
Furthermore, the evidence presented by 
Friedenwald® makes it quite unlikely that 
ascorbic-acid formation occurs in the eye. 

2. A rise in plasma ascorbic acid might 
account for the change in ascorbic acid con- 


centration in the eye. However, this cannot 
explain the findings in the rabbits whose 
plasma ascorbic acid was maintained at high 
levels (table 5). Here the posterior cham- 
ber concentration of ascorbic acid reached a 
level higher than saturation for the normal 
rabbit eye. Since the percent rise after aceta- 
zoleamide in these animals saturated with 
ascorbic acid is almost precisely the same 
as those at low plasma levels, the factor of 
a possible rise in plasma ascorbic acid con- 
centration seems extremely unlikely. 

3. Ascorbic acid might enter the posterior 
chamber fluids in greater amounts during 
carbonic anhydrase inhibition due to its 
function in the secretory mechanism and the 
alteration in that role in the partially sup- 
pressed activity associated with carbonic an- 
hydrase inhibition. This concept is consistent 
with the Friedenwald hypothesis as to the 
possible mechanism of action of acetazole- 
amide on the secretion of aqueous.” 

Efforts are now in progress to attempt to 
elucidate the relative roles of these different 
possibilities in the production of a rise in 
ascorbic acid in ocular fluids following car- 
bonic anhydrase administration. 

The close agreement between the aver- 
age estimates of inhibition of flow as 
measured by bicarbonate steady state (64 
percent) and ascorbic acid steady state (60 
percent) data is most stimulating. These 
data are summarized in Table 6. Even more 
exciting is the comparison of these estimates 
with those obtained by tonography, Thus in 
a series of 50 rabbit eyes, repeated tonog- 
raphy before and after systemic carbonic 
anhydrase inhibition indicated an average 


TABLE 6 


SUMMARY OF AVERAGE STEADY-STATE DATA (mMM/L) 


No. Before Acetazoleamide Six Hours After Acetazoleamide . 

Substance Rabbits Cp C pe Cac C C pe oF 
Bicarbonate 24 23.9 39.6 32.3 22.9 31.2 25.1 -OAY, 
Ascorbic Acid 28 1.64 1.30 2.46 1.47 — 0% 
Saturated Ascorbic 15 1.38 4.32 6.44 4.65 51% 


Cp; concentration in plasma. 


Cpc concentration in posterior chamber aqueous, 


Cac =concentration in anterior chamber aqueous. 
ASF =change in aqueous flow. 


3.75 


| 


1% BERNARD BECKER 


suppression of secretion of 63 percent.’” 
Comparison of tonograms and steady state 
bicarbonate changes in the same animal re- 
vealed an even closer agreement of the two 
methods. Furthermore, repeated tonograms 
on 59 human eyes before and after acetazole- 
amide revealed an average decrease of aque- 
ous flow of 61 percent.** The agreement of 
average data obtained by such different 
methods tends to establish on firm ground 
that carbonic anhydrase inhibition results in 
an average of some 60 to 65 percent inhi- 
bition of aqueous flow. It also tends to vali- 
date present concepts of aqueous humor 
dynamics and methods of measurement of 
aqueous flow. 


IV. SUMMARY 


1. The systemic administration of ace- 
tazoleamide, a carbonic anhydrase inhibitor, 
to 30 rabbits resulted in a decrease in the 
steady state bicarbonate concentration in the 
posterior chamber aqueous from 15.74nM/L 
(68 percent + 14 percent) in excess of 


plasma levels down to 8.3 mM/L (38 per- 
cent + 14 percent) above plasma, and in 
the anterior chamber from 8.4 mM/L (36 
percent + 9 percent) to 2.2 mM/L (10 per- 


cent +3 percent) excess 
plasma. 

2. The fall in rabbit posterior chamber 
bicarbonate occurred rapidly and correlated 
well with the decrease in aqueous secretion 
and lowering of intraocular pressure. The 
alteration in the anterior chamber level was 
considerably slower. 

3. The anterior chamber carbon-dioxide 
content in the eyes of 18 guinea pigs 
was 70 percent + 16 percent in excess of 
plasma level and fell after acetazoleamide to 
19 percent +6 percent above the plasma 
concentration. 

4. The average steady state concentration 
of ascorbic acid was increased by approxi- 
mately 50 percent in the posterior and 14 
percent in the anterior chamber following 
acetazoleamide administration to 28 rabbits. 

5. The changes in composition of rabbit 
aqueous humor are consistent with an aver- 
age suppression of aqueous flow of 64 per- 
cent + 11 percent (bicarbonate) and 60 
percent + 10 percent (ascorbic acid) as a 
result of carbonic anhydrase inhibition. 
These estimates are in excellent agreement 
with tonographic data. 

640 South Kingshighway (10). 
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EFFECTS OF LOCALLY ADMINISTERED DIAMOX* 


Harry Green, Pu.D., Irvine H. Leorotp, M.D. 
Philadelphia, Pennsylvania 


The hypotensive action of Diamox upon 
glaucomatous eyes has been shown to be 
related to the route of administration. Local 
administration of the drug has been shown 
to have no effect upon the intraocular pres- 
sure of human eyes. 

The experimental observations of Grant 
and Trotter,’ Foss,? Harris,? and Green, 
Leopold, and co-workers‘ clearly indicate 
that the drug exerts no appreciable effect 
upon the intraocular pressure of normal rab- 
bit eyes when given subconjunctivally, in- 
tracamerally, iontophoretically, or by the in- 
stillation of drops. 

It was, therefore, considered important, 
relative to an understanding of the mecha- 
nism of action of Diamox, to study the ef- 
fects of locally administered Diamox upon 
the chemistry of the intraocular fluids and 
of the anterior uvea of the normal rabbit 
eye. 

In a recent publication from the Wills 
laboratory® it was shown, by a spectrophoto- 
metric method, that measurable quantities 
of the drug were present in the anterior 
chamber aqueous humor of the rabbit eye 
up to 90 minutes after subconjunctival in- 
jection of 10 mg. of Diamox. By enzyme- 
inhibition studies, the drug was also de- 
tected in the anterior uveal tissues. 

Because of the prominent role that the 
enzyme carbonic anhydrase may play in the 
elaboration of HCO, in the aqueous hu- 
mor, and in the regulation of the intraocular 
pressure, the effect of the subconjunctival in- 
jection of Diamox upon the activity of the 
enzyme in the anterior uvea was determined. 
As previously reported,‘ the enzyme ac- 
tivity of extracts of the anterior uvea was 


*From the Wills Eye Hospital, Department of 
Research. Most of the data to be presented have 
been published. This presentation is a summary re- 
port of the results. 


completely inhibited by the subconjunctival 
injection of Diamox. Since Diamox is a 
potent carbonic anhydrase inhibitor, being 
active in relatively small amounts, it was 
important to establish whether the experi- 
mentally measured inhibition reflected the 
actual in vivo state of affairs, or was due to 
contamination of the tissue extract by ad- 
sorption of small amounts of the drug in 
surface contact with the tissue. 

Evidence indicating that a true in vivo 
inhibition of the enzyme occurred was ob- 
tained by the following experiment. The 
ciliary body-iris tissue of an untreated nor- 
mal rabbit eye was removed and immersed 
in two successive saline solutions that had 
been previously used for the wash-by-im- 
mersion of a tissue whose carbonic anhy- 
drase activity was completely inhibited as a 
result of the subconjunctival injection of 
Diamox, After immersion in fresh saline, 
the extract of the tissue was prepared and 
found to possess the original level of car- 
bonic anhydrase activity previously found 
for normal tissues, 

Since the ciliary body is considered as the 
site of the secretory mechanism, it was nec- 
essary to determine whether the enzyme 
activity in the ciliary body was inhibited by 
the subconjunctival injection of Diamox. 
For these experiments the ciliary body was 
separated from the iris by the procedure of 
Friedenwald and co-workers.* Results of the 
assay of the enzyme activity in the extracts 
of the separated tissues indicate that the 
ciliary body possessed 60 percent and the 
iris 40 percent of the total activity of the 
anterior uvea. And in separate experiments 
it was found that the subconjunctival ad- 
ministration of 10 mg. of Diamox completely 
inhibited the activity in each tissue.‘ 

Chemical analyses of the aqueous humor 
as previously reported,’ showed that the sub- 
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TABLE 1 


EFFECT OF SUBCONJUNCTIVAL INJECTION OF 10 mo. 
Diamox ty 0.2 ML. HA) UPON THE BICARBONATE- 
ION CONCENTRATION OF THE AQUEOUS 
HUMOR IN THE POSTERIOR CHAMBER 
OF THE RABBIT EYE 


(Values are expressed as mM /L.) 


OS. O.D, OS. O.D. 
(0 min.) (40 min.) (0 min.) (60 min.) 


47.4 


Setess 
x 


=oo88 
Ww 


AVERAGE 
Standard 
Deviation 
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conjunctival injection of from five to 20 mg. 
of Diamox did not significantly lower the 
bicarbonate ion concentration in the anterior 
chamber after 30, 60, and 180 minutes. More 
recently the aqueous humor from the poste- 
rior chamber has been analyzed. The results 
in Table 1 show that the subconjunctival in- 
jection of 10 mg. Diamox had no significant 
effect upon the bicarbonate ion concentra- 
tion in 30 and 60 minutes.* 

During the course of this investigation it 
was observed that occasionally the aqueous 
humor that was removed from an eye that 
had been injected subconjunctivally with 
Diamox became a gel on standing. This 
phenomenon of gelation was frequently en- 
countered in our studies with plasmoid 
aqueous humor and suggested that the sub- 
conjunctival injection of Diamox increased 


* For analysis 20 to WO wl. of aqueous humor was 
removed from the posterior chamber by means of a 
microburet with a sealed in platinum 26-gauge 
needle. The pipettes were made by James Graham, 
University of Pennsylvania. Each pipette was cali- 
brated against water for volume delivery and 
against standard bicarbonate solution by the War- 
burg technique. The probable error of the method 
to be expected is within five percent; the extreme 
error among the observations was less than 10 


percent. 
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the permeability of the blood-aqueous bar- 
riers, 

That this was the case was confirmed by 
protein analyses of the aqueous humor and 
by determining the fluorescein appearance 
time in the anterior chamber. The results 
show that the subconjunctival injection of 10 
to 20 mg. of Diamox, pH 8.8 to 9.0, caused 
in some animals a marked increase in the 
protein concentration of the aqueous humor 
in 30 to 60 minutes ; the time of appearance 
of fluorescein in the anterior chamber was 
decreased by about 50 percent.‘ 

Since the injection of isotonic saline at 
the same pH had no appreciable effect upon 
the protein concentration of the anterior 
chamber, it is reasonable to conclude that 
the injection of Diamox under the experi- 
mental conditions effectively increased the 
permeability of the blood-aqueous barriers. 
This phenomenon may be a factor contribut- 
ing to the absence of any hypotensive ac- 
tivity of Diamox when used subconjunc- 
tivally, 


CONCLUSION 


The failure of locally administered Dia- 
mox to lower intraocular pressure of nor- 
mal rabbit eyes may be taken as presumptive 
evidence that Diamox under these conditions 
did not inhibit the carbonic anhydrase of 
the ciliary body. The evidence presented 
here, however, indicates that the carbonic 
anhydrase was inhibited, The possibility that 
this inhibition occurred after death of the 
animal rather than in vivo has not been ex- 
cluded entirely. 

The fact that bicarbonate levels in the 
posterior and anterior chambers fail to 
change after local Diamox also may be taken 
aS presumptive evidence that the carbonic 
anhydrase was not inhibited ; or it may indi- 
cate that inhibition of the enzyme has no 
apparent effect upon the [HCO,°] in the 
aqueous humor of the normal rabbit eye. 

1601 Spring Garden Street (30). 
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CURRENT STUDIES ON ACETAZOLEAMIDE (DIAMOX) 
AND AQUEOUS HUMOR FLOW* 


Jonas S. Friepenwacp, M.D. 
Baltimore, Maryland 


It is my function in this symposium to 
attempt to sum up the present state of our 
knowledge of the influence of Diamox on 
intraocular pressure and aqueous humor 
flow. The developments in this field have 
been so rapid that my account must, in 
some respects, be incomplete. 

Those of you who attended the session 
on tonography and aqueous humor flow of 
the International Congress of Ophthalmol- 
ogy in New York only nine months ago will 
remember Dr. Kinsey and Dr, Palm’s* im- 
portant contribution in which, by studying 
the turnover of test substances in both the 
anterior and posterior chambers they were 
able to obtain a new and more reliable es- 
timate of the rate of flow of the intraocular 
fluid in rabbits. Two hundred experiments 
were required and an estimate with an un- 
certainty of approximately 20 percent was 
obtained. 

Once a reliable method of measuring the 


*From the Wilmer Ophthalmological Institute 
of the Johns Hopkins Hospital. Work at the 
Wilmer Institute in this field has been supported 
in part by the Kellogg Foundation, by a graduate 
training grant from the National Institutes of 
Health, and by a gift from the American Cyanamid 
Corporation. 


rate of flow had been achieved the next 
question was the application of such a 
method to the study of the effect of a whole 
series of experimental variables. Those of 
us who contemplated this problem were ap 
palled at its magnitude, Were we going to 
have to use several hundreds of rabbits and 
many months of work to find the effect of 
each of the many variables that needed to be 
tested ? Efforts were made to find short-cuts 
and several of these have been partially suc- 
cessful. 

At the Wilmer Institute, Dr. Kornbluth 
and Dr. Linnér? have investigated the ap- 
plicability of tonography to rabbits. It de- 
velops that in some rabbits weighing two 
to three kg. the ocular rigidity and corneal 
curvature are sufficiently near to those of 
man to permit the use of human calibra- 
tion tables for readings on rabbits. This good 
agreement with the human calibration is not 
universal among rabbits and the application 
of human calibration tables to rabbits must 
be made with great caution. Estimates on 
the rate of aqueous flow made by tono- 
graphic procedure on normal rabbits agree 
remarkably well with Kinsey's estimates 
of the rate of flow based on chemical turn- 
over rates. Comparing estimates on the same 
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rabbit before and after a given treatment 
or comparing the two eyes of the same rabbit 
one can greatly reduce the influence of re- 
sidual systematic errors and enhance the sen- 
sitivity of the method. 

Dr. Linnér and I’ have also developed 
the use of the appearance time of fluorescein 
as an index of the rate of aqueous flow. For 
these animals in which fluorescein enters 
the aqueous chiefly via the posterior cham- 
ber, the time, after an intravenous injection, 
between the arrival of fluorescein in the 
intraocular vessels and its arrival in the 
pupil may be taken as a measure of the rate 
of aqueous flow. Variation in the appearance 
time from animal to animal is considerable, 
but reproducibility of the measurement on 
the same eye is fair if the animals are not 
excited and struggling. Experiments com- 
paring the two eyes of the same animal or 
the same eye before and after a given treat- 
ment yield estimates of the experimentally 
induced changes in aqueous flow even if the 
absolute value of the flow rate is unknown. 
When the flow of aqueous is extremely slow, 
the fluorescein appearance time tends to 
overestimate the rate of flow since, even 
with a normal blood aqueous barrier, some 
diffusion through the iris occurs and may 
be confused with transport of the dye 
through the pupil. Thus Becker finds the 
flow inhibition by Diamox to be underes- 
timated with the fluorescein method as com- 
pared with tonography. 

Dr, Becker* has studied the concentra- 
tion ratios of ascorbate and of bicarbonate 
in anterior chamber, posterior chamber, and 
plasma before and after these have been 
shifted from one steady-state level to another 
by some experimental procedure. If it is as- 
sumed that the experimental procedure has 
not changed diffusion rates across the blood 
anterior chamber barrier, then a change in 
the steady state ratios can be used to es- 
timate changes in the rate of aqueous flow. 
The intercomparison of all these various es- 
timates of aqueous flow together with dy- 
namic studies on the Kinsey model shows 
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remarkably good agreement between the 
various methods in certain types of experi- 
ments. Each of these procedures has its own 
special limitations. Tonography cannot be 
applied, at least not without elaborate special 
corrections to experiments which alter ocular 
rigidity or episcleral venous pressure. Flu- 
orescein appearance time and steady state 
concentration ratios are inapplicable to ex- 
periments in which the blood aqueous bar- 
rier is damaged. 

The application of all these methods to 
experimental animals and of tonography and 
fluorescein appearance time to humans has 
proven conclusively that Diamox diminishes 
the rate of inflow of the aqueous without 
directly affecting the resistance to outflow.” 
This is in sharp contradistinction to the con- 
ventional anti-glaucomatous agents, the mi- 
otics which lower intraocular pressure by 
increasing facility of outflow without directly 
influencing the rate of inflow. 

Considering the difficulties and uncer- 
tainties that afflicted our science less than 
a year ago this is indeed solid achievement. 
But every question answered brings us to a 
new question. What are the conditions under 
which this lowering of intraocular pressure 
by Diamox takes place? An approach to 
this question can be constructed through 
consideration of the fact that Diamox is an 
inhibitor of the enzyme carbonic anhydrase. 
We may ask, assuming that carbonic anhy- 
drase facilitates the secretory flow of in- 
traocular fluid, what are the conditions that 
presentation of the inhibitor of this en- 
zyme will lower intraocular pressure? I 
should like to discuss this question under a 
number of headings. 


1. SURPLUS ENZYME 


If an enzyme is essential to a certain 
physiologic function, complete inhibition of 
the enzyme must be associated with inhibition 
of the function—but the quantitative rela- 
tions are not simple and are influenced for 
instance by the surplus of enzyme present 
locally, Many physiologic functions are pro- 
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tected by a large safety margin. Only in those 
instances in which the enzyme in question 
functions as part of the local control mech- 
anism will the amount of enzyme locally 
present be expected to just barely suffice for 
the physiologic function to which it is re- 
lated. 

The safety margin of supply is well il- 
lustrated by the pharmacology of Diamox. 
The dose of this agent which is just sufh- 
cient to affect aqueous flow does not signifi- 
cantly influence gastric secretion. About 10 
times the threshold dose for the eye is re- 
quired to affect the stomach. More than 20 
times the dose effective for the eye is re 
quired to seriously inhibit CO, loss from 
the lungs. Maren and Ballintine* find the 
concentration of Diamox slightly lower im 
the ciliary body than in the blood, Dosage 
of the inhibitor sufficient to cause a lower- 
ing of intraocular pressure does not suffice 
to produce severe respiratory acidosis. If 
the same enzyme is to be held responsible 
for both these effects it must be present in 
very much larger surplus in the red blood 
cell than in the ciliary body. 

Knowing the time of blood transit through 
the lung, the rate of CO, discharge necessary 
to prevent respiratory acidosis can be es- 
timated. A not unreasonable estimate is that 
the normal red blood cell content of carbonic 
anhydrase is several thousandfold in excess 
of the minimum required. Consequently, en- 
zyme inhibition of upward of 99.9 percent 
needs to be achieved in order to produce a 
serious inhibition of pulmonary CO, output. 
Similar calculations cannot as yet be made 
for the ciliary body, However, at inhibitory 
dosage levels concentrations of the drug in 
the posterior chamber aqueous fluid of 0.5 
to 1.0 gamma per cc. have been found by 
Maren and Becker.” The secretory organ 
cannot have been exposed to concentrations 
less than this. Dr. Maren® has found that a 
concentration of 0.004 gamma per ce. will 
inhibit the enzyme by approximately 50 
percent in the test tube. It follows that at 
threshold dosage levels effective in lowering 


intraocular pressure the enzyme must be at 
least YS to 99 percent inhibited, If carbonic 
anhydrase is a part of the intraocular secre- 
tory mechanism it is present in at least a 
\0-fold surplus——a large margin of safety 
but not as large as that in the red cell or 
possibly in the gastric mucosa. 


2. INCOMPLETE INHIBITION 
Carbonic anhydrase is remarkable in that 
the chemical reaction which it catalyzes: 
CO, + HYCO, 


operates at a very appreciable velocity in the 
absence of the enzyme. If a physiologic func- 
tion is dependent on this reaction, then it 
may be assumed that the physiologic func- 
tion will not be completely inhibited even at 
dosage levels at which the enzyme is reduced 
to negligible activity, The renal effect of 
Diamox is an inhibition of the tubular re- 
absorption of sodium, but this inhibition is 
incomplete and is not enhanced above a given 
upper limit even by massive increase in the 
dosage of the inhibitor. If we apply this 
reasoning to the eye we shall expect that 
inhibition of flow will not be complete under 
the influence of this drug but should tend 
toward an upper limit with increasing dos- 
age, corresponding to the minimum secre- 
tory rate that can be satisfied by the re- 
action rate of carbon dioxide hydration in 
the absence of the enzyme. Conversely we 
should expect that the influence of Diamox 
on intraocular pressure will be less if, for 
any reason, the rate of flow of the aqueous 
before presentation of Diamox is already 
slow. 

Examples conforming to this expectation 
are to be found both in human and in rab- 
bit physiology. In the first set of glaucoma 
patients initially studied by Dr. Becker,® it 
was found that glaucoma cases with intrin 
sically low rates of aqueous flow were rela 
tively unresponsive to the drug. Using to 
nography as a basis for estimating the rate 
of flow, Dr. Becker has found that patients 
whose aqueous flow rates were under 1.0 
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c.mm. per minute responded on the average 
very feebly to the drug. 

In a recent study by Kupfer, Lawrence, 
and Linnér® on the long term control of 
glaucoma with Diamox it was shown that 
the rate of flow under Diamox averages 
0.80 ¢.mm. per minute and that this rate is 
independent of the rate of flow before Dia- 
mox. It is plain that in man, roughly one 
third of the average normal rate of flow is 
independent of carbonic anhydrase activity. 

Similar phenomena can be elicited experi- 
mentally in the rabbit. Dr. Kornbliith and 
Dr, Linnér® have shown that unilateral liga- 
tion of the common carotid in the rabbit 
results in an appreciable decrease in the flow 
of aqueous on the ligated side, Becker’’ has 
found that the administration of Diamox to 
such animals has its normal effect on the 
contralateral side but reduces the flow much 
less dramatically on the ligated side. 

Moreover, among apparently normal rab- 
bits one occasionally encounters an animal 
whose spontaneous flow rate at the time of 
observation happens to be far below the 
average normal, Such animals respond feebly 
or not at all to Diamox.” In the normal 
rabbit, on the other hand, the fully effective 
dose of Diamox results, on the average, in 
a 60 to 70 percent inhibition of aqueous 
flow.*** 


3. INTRAOCULAR PRESSURE 


If the flow of aqueous is greatly inhibited 
the intraocular pressure can be expected to 
fall close to the episcleral venous pressure. 
Linnér* has estimated this pressure as ap- 
proximately 9.0 mm. Hg in the rabbit, 11 
mm. Hg in recumbent humans.'* This is, 


*A rough estimate of the amount of surplus en- 
zyme in the ciliary body may be reached as fol- 
lows: The rate of secretion of intraocular fluid 
in rabbits proceeds at approximately one third of 
its normal rate when carbonic anhydrase is maxi- 
mally inhibited. If we assume that this residual se- 
cretion rate is dependent upon the non-enzymatic 
hydration of COs, then the normal functioning re- 
quires enough carbonic anhydrase to triple the non- 
enzymatic reaction rate. Maren has defined one 
enzyme unit as that amount of enzyme which, when 
dissolved in 6.0 ml. doubles the rate of CO, hy- 
dration in the pH range of his test system. It is not 
certain that this ratio of enzyme catalyzed activity 
to uncatalyzed activity applies to physiologic pH 
range. With this reservation in mind, one can 
conclude that approximately two enzyme units per 
6.0 ml. of secretary organ represent the minimum 
required for normal function. Ballintine and Maren 
find that the ciliary processes contain 10 to 20 en- 
zyme units per gram, that is, 60 to 120 times the 
minimum estimated for full function. This argument 
presupposes a uniform distribution of the enzyme in 
the secretory organ—a highly unlikely assumption 
but the agreement of this estimate with that given 
above, that is, that at threshold dose of Diamox the 
enzyme in the ciliary processes must be inhibited at 
least 98 to 99 percent, suggests that both estimates 
may be roughly correct. 
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under ordinary circumstances, the lowest 
pressure level that can be expected under 
the influence of Diamox. It follows that if 
before Diamox the intraocular pressure al- 
ready approaches such a low level, any effect 
of Diamox in further reducing the pressure 
must be very small. 

The intraocular pressure can be spontane- 
ously low either because the rate of secre- 
tion of fluid is unusually slow or because 
the outflow resistance is unusually small, In 
the first instance, the animal may be classi- 
fied as unresponsive to Diamox so far as 
aqueous flow is concerned. In the second, 
the Diamox effect on the rate of flow may be 
normal but the consequent change in intra- 
ocular pressure may be trivial. Thus the 
hypotensive effect of Diamox is much more 
dramatic in glaucomatous than in normal 
human eyes. 


4. HOMEOSTATIC MECHANISMS 


Many workers in the field of aqueous 
humor dynamics have given thought to the 
possible existence of homeostatic mecha- 
nisms stabilizing either the pressure or the 
flow in the eye. At the International Con- 
gress last autumn, Dr. Barany™ reported on 
some experiments suggesting that the re- 
sistance to outflow increased in response to 
diminished inflow. At the same meeting I** 
reported experiments with Dr. Linnér dem- 
onstrating a diminished rate of flow of the 
aqueous after intravenous injections of para- 
amino hippuric acid in rabbits. In spite of 
the diminished rate of flow the intraocular 
pressure in these animals did not fall ap- 
preciably, We concluded that the resistance 
to outflow must have increased and sug- 
gested that this might represent a normal 
compensatory or homeostatic mechanism in 
response to diminished inflow. 

Similar increase in resistance to outflow 
occurs after carotid ligation. Kornbliith and 
Linnér*? have shown that the inflow of 
aqueous is diminished after ligation but the 
pressure drops only slightly, resistance to 


outflow being increased. 
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If there is normally a homeostatic reflex 
increasing resistance to outflow in response 
to diminished rate of secretion of the aque- 
ous we should be able to see this also after 
Diamox administration and this indeed 
proves to be the case. In man, following oral 
administration of 250 mg., there is a fall in 
intraocular pressure which, in nonglaucoma- 
tous eyes, usually reaches a maximum in 
three hours, begins to climb at six hours, 
and is back to the previous level by 10 hours. 
Tonography before and three hours after 
Diamox generally reveals a marked fall in 
rate of flow but no change in outflow re- 
sistance. the other hand, Becker” has 
recently found that tonography at six to 24 
hours after administration of Diamox shows 
a marked increase in resistance to outflow 
with only an incomplete recovery in the rate 
of inflow. The rise in pressure at the end 
of six hours is due to the compensatory out- 
flow resistance long before the inhibition 
of secretion wanes, 

Similar results can be obtained on animals. 
After intravenous injections of Diamox in 
the rabbit, responsive animals show a marked 
drop in intraocular pressure which reaches 
a minimum in 20 to 40 minutes. During the 
subsequent rise, as Becker and Constant" 
have found, the first change is often an in- 
crease in resistance to outflow which may 
long precede recovery of inflow. In some 
rabbits the compensatory increase in outflow 
resistance occurs so early that the drop in 
intraocular pressure is negligibly small in 
spite of a marked inhibition of inflow. These 
animals if measured only tonometrically 
would be classified as nonresponders, Ton- 
ographic measurements show that they are 
normally responsive with respect to inhibi- 
tion of inflow, but supernormally responsive 
with respect to compensatory outflow re- 
sistance. In my own laboratory apparent 
nonresponding rabbits of this type have been 
rare, but in other laboratories they have 
been common. The mechanism by which the 
compensatory increase in outflow resistance 
is elicited and the mechanism by which this 
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compensatory response is suppressed is per- 
haps the most exciting current problem in 
this field. Open-angle glaucoma may, for 
instance, consist in an inability to suppress 
this enhanced resistance to outflow. 


5. Errects or eH 


The chemical reaction catalyzed by car- 
bonic anhydrase takes place at a significant 
rate even in the absence of the enzyme. 
What, then, can be the physiologic function 
which the enzyme serves? The hydration of 
carbon dioxide and dehydration of carbonic 
acid are parts of the reaction by which car- 
bon dioxide and bicarbonate participate in 
the acid base buffering of the tissues. Since 
chemical reactions within cells may generate 
or destroy acids or bases, and since the 
metabolic reactions tending to produce local 
tissue acidity or alkalinity may be very 
rapid, the presence of the enzyme carbonic 
anhydrase insures the rapid buffering of 
these reactions and hence may contribute to 
the stability of the tissue pH. This, at least, 
is a tenable hypothesis as to the role of this 
enzyme in some tissues. 

Let us consider a tissue in which local 
metabolic processes produce acid and in 
which, if sufficient acidity is reached, some 
tissue function will be suppressed. Carbonic 
anhydrase will protect against this excess 
acidity. Inhibition of carbonic anhydrase will 
interfere with this buffering reaction and 
lead to inhibition of tissue function. If the 
carbonic anhydrase inhibitor is admin- 
istered in the presence of a general acidosis 
the pharmacologic effect of the inhibitor will 
be facilitated. If the experiment is con- 
ducted in an alkalotic environment the drug 
will be antagonized. It is plain that acidosis 
or alkalosis may be expected to facilitate 
some Diamox effects and to antagonize 
others. 

This indeed has been found to be true. In 
the kidney, Diamox produces an alkaline 
diuresis, The diuresis may be facilitated by 
administration of sodium bicarbonate. It 
can be suppressed by administration of 


ammonium chloride. Diamox is an anticon- 
vulsant. This effect is facilitated by admin- 
istration of ammonium chloride. If current 
theories regarding the role of carbonic an- 
hydrase in the stomach are correct the in- 
hibitory effect of Diamox on this organ 
should be facilitated by alkalosis, antago- 
nized by acidosis. It is plain that if the effect 
of Diamox on the intraocular pressure is 
via an inhibition of carbonic anhydrase, the 
Diamox effect should be sensitive to acid- 
base disturbances, 

I have elsewhere’® developed the rather 
complicated expectations which the redox 
theory of aqueous secretion impose on these 
questions and shall not repeat them here. 
Experimental tests of this combined hypothe- 
sis have not been completed. Irrespective of 
the redox hypothesis, however, it may be 
pointed out that in some patients the ocular 
response to Diamox may be facilitated by 
concurrent administration of ammonium 
chloride. 


6. ALTERNATIVE HYPOTHESES 


I have enumerated five different ways in 
which the effect of Diamox on intraocular 
pressure may be facilitated or antagonized. 
These considerations were arrived at by as- 
suming that Diamox affected intraocular 
pressure through inhibition of carbonic an- 
hydrase. All of the various expectations 
that have been built on this concept and that 
have been tested experimentally have so 
far proved to be true. An hypothesis of phys- 
iologic mechanism is, however, never con- 
clusively proved. The most that can be ex- 
pected is that the hypothesis is not contra- 
dicted by any known facts and that it leads 
to new experiments and new confirmations. 

It would appear that the hypothesis I have 
outlined satisfies these criteria. Recently, 
however, Green and Leopold have reported 
results in apparent contradiction. It is neces- 
sary to examine their data and arguments in 
some detail. They report that at dosage 
levels of Diamox under which 93 percent 
of the carbonic anhydrase activity of the 
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anterior uvea is inhibited’* no fall in intra- 
ocular pressure was recorded in their ani- 
mals.*" In view of the surplus carbonic an- 
hydrase in other organs there is no a priori 
reason to believe that 93-percent inhibition 
in the ciliary body would result in physt- 
ologic effects. | have already indicated that 
the data of Lallintine and Maren* suggest 
upward of 50-fold excess of the enzyme in 
the ciliary body. On the other hand, in view 
of the limits of sensitivity of the method, 
too much reliance should not be placed on 
the estimate of seven percent remaining en- 
zymatic activity. The percent inhibition may 
well have been considerably higher than 
that estimated.* 

The dosage used in these experiments was 
that which other workers have found effec: 
tive in lowering intraocular pressure in rab- 
bits. Green, Leopold, et al.,"’ on the other 
hand, claim that on this dose of Diamox the 
intraocular pressure of rabbits does not 
fall. To reach this conclusion they have in- 
vented a rather entertaining but highly in- 
appropriate method of statistical analysis 
which they have applied to their data. Those 
of us who have dealt with “responsive” rab- 
bits have found—and Becker" has described 
in detail—that after an effective intravenous 
dose of Diamox in a rabbit the intraocular 
pressure falls rapidly, reaching a minimum 
in 20 to 40 minutes, begins to recover by 
one hour, and is often almost fully re- 
covered by two hours after the injection. 
Green and Leopold made tonometric meas- 


* The technical procedure used by Green et al. 
consisted in diluting the ground-up anterior uvea 
of one rabbit eye into a final volume of over 2.0 
ml. The concentration of the inhibitor in the titra- 
tion chamber is therefore much less than that origi- 
nally present in the tissues and an underestimate of 
the in vivo degree of inhibition is to be expected. 
On the other hand, Green et al. have at times Te- 
ported “complete” inhibition of carbonic anhydrase 
in some experiments. This must be taken to mean 
merely that within the limits of sensitivity of their 
method no enzyme activity could be measured. 
Total inhibition of an enzyme by a dissociable in- 
hibitor can be postulated only with infinite concen- 
tration of the inhibitor. 


urements before, and 30, 60, 120, and some- 
times 180 minutes after Diamox injection. 
Instead of observing the course of the intra- 
ocular pressure as exemplihed by their data, 
they fitted a straight line by an equivalent of 
the least squares procedure to each set of 
observations and recorded the slope of this 
line. Since most of their observations were 
during recovery, one would expect an up- 
ward slope of the line and this is indeed 
what they found. However, since the initial 
fall is mixed in with the recovery the upward 
slope of recovery is largely obscured and in 
their analysis does not reach statistical sig- 
nificance. In any case this is hardly the way 
to test whether or not a fall in pressure oc- 
curred during the first 30 minutes as was to 
be expected from the reports of others. | 
have analyzed the data and find that between 
zero and 3O minutes in their experiments the 
intraocular pressure fell on the average the 
equivalent of 1.5 Schigtz scale units and that 
this fall is statistically significant by odds 
of more than 100 to 1. This effect is, of 
course, a small one. In maximally responsive 
rabbits the change in the Schigtz reading is 
two to three times the average for the Phila- 
delphia rabbits, but the presence of a feeble 
response is not proof of the absence of a 
response. 

In their third paper’* the authors claim 
that with the same standard dose of Diamox 
they are unable to demonstrate a fall in 
aqueous bicarbonate. In this case, the fault 
is not with their statistics but with the plan 
of their experiment. 

Many authors have shown that if one 
alters the secfetory composition of the aque- 
ous, as for instance, by injecting some test 
substance intravenously, then an appreciable 
time is required before a steady state con- 
centration with respect to the test substance 
is reached in the anterior chamber. Kinsey’ 
has, in fact, used the dynamics of this ap- 
proach to a new composition in posterior 
and anterior aqueous as a means of estimat 
ing the rate of aqueous flow. It is possible to 
reverse Kinsey's argument and to calculate 
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that if Diamox slows the aqueous flow by 60 
percent as Becker finds and if it does not 
change the diffusion coefficient for bicarbon- 
ate across the anterior chamber blood bar- 
rier, then, in 30 minutes somewhere between 
15 percent and 20 percent of the maximum 
Diamox induced bicarbonate fall in the ante- 
rior chamber is to be expected. 

Becker finds that after six hours of con- 
tinuous Diamox administration the anterior 
chamber bicarbonate falls by about six mil- 
limols. The expected fall at 30 minutes is, 
therefore, less than 1.5 millimols. Green and 
Leppold actually found an average fall of 
one millimol but owing to large experimental 
scatter and limited number of experiments 
this figure is not statistically significant. To 
have found almost precisely what a theory 
predicts but to have done insufficient experi- 
ments to make this finding statistically signif- 
icant hardly constitutes the refutation of a 
theory——-nor is there any good sense in at- 
tempting to refute a theory by choosing an 
experimental plan under which the effect to 
be sought for is expected, by the theory un- 
der attack, to be so small as to be measured 
only with great difficulty. 

In their report presented in this sympo- 
sium Green and Leopold have added some 
new data to the universal finding that sub- 
conjunctival administration. of Diamox is 
largely ineffective. What should be remem- 
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bered in this connection is that the secre- 
tory organ as a consequence of its own 
physiologic activity is constantly being 
washed by fresh fluid derived from the 
plasma. It is, therefore, the one intraocular 
structure most difficult to contaminate with 
subconjunctivally injected test substances. 
There is no reason why adjacent nonsecret- 
ing tissues may not be heavily loaded with 
the inhibitor and that this load may not be 
sufficient to inhibit the enzyme in_ the 
ground-up tissue used to titrate enzyme ac- 
tivity. The authors are aware of this un- 
certainty and point out that their experi- 
ments do not prove inhibition of the enzyme 
in the secretory organ in vivo. 


SUMMARY 


If | may summarize once more—theories 
of physiologic or pharmacologic mechanisms 
are never proven. They justify themselves if 
they are not contradicted by any known facts 
and if the expectations based on _ these 
theories are confirmed by new experiments. 
In this respect, one can conclude that cur- 
rent knowledge is fully in accord with the 
hypothesis that Diamox exerts its pharmaco- 
logic effect on intraocular pressure by in- 
hibiting the enzyme carbonic anhydrase and 
that this enzyme facilitates the normal inflow 
of fluid into the eye. 

The Johns Hopkins Hospital (5). 
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DIAMOX AND INTRAOCULAR FLUID DYNAMICS* 


V. Everett Kinsey, Pa_D., Enrtgueta Camacuo, M.D., 
GERARD A. CAVANAUGH, M.S., AND MarGuerite Constant, Pu_D. 
Detroit, Michigan 


According to the secretion-diffusion the- 
ory of the formation of aqueous humor, 
water and solutes enter the anterior chamber 
both by diffusion through the blood vessels 
of the iris and by flow from the posterior 
chamber. The aqueous humor of the poste- 
rior chamber, which differs in composi- 
tion from that in the anterior chamber, 
is similarly formed in part by diffusion and 
in part by mechanisms requiring the ex- 
penditure of energy (secretion). 

It is belieyegd that bicarbonate ions, espe- 
cially, are involved in the secretory process. 
These ions are produced in the ciliary proc- 
esses whence they diffuse into the posterior 
chamber. Simultaneously, hydrogen ions 
are lost to the blood thus leaving the bi- 
carbonate ions momentarily electrically un- 
balanced which leads to the energetic trans- 
fer of cations, chiefly sodium, into the pos- 
terior chamber. Other anions (except ascor- 
bate) and nonelectrolytes are presumed to 
enter the posterior chamber by passive dif- 
fusion only. 


*An abstract of the paper presented before the 
Association for Research in Ophthalmology, June, 


1955. 


The aqueous is a fluid which, primarily 
because it contains a greater concentration 
of bicarbonate and sodium than plasma, is 
hypertonic to the blood; this condition re- 
sults in the osmotic transfer of water from 
plasma to posterior aqueous humor. The net 
transfer of water leads to a through and 
through flow of aqueous humor from poste- 
rior chamber to the anterior chamber and 
eventually out at the angle. 

The reactions involved in the production 
of bicarbonate ions in the ciliary processes 
are thought to depend, as they do elsewhere 
in the body, on the action of the enzyme 
carbonic anhydrase : 


HO + CO, H,CO,.* H* + HCO, 


The availability of Diamox, which is 
known to inhibit carbonic anhydrase, makes 
it possible to test some of the basic tenets 
of the secretion-diffusion theory. For in- 
stance, it would be expected that (1) the 
concentration of bicarbonate in the aqueous 
humor would be decreased; (2) flow would 
be reduced, presumably as a result of low- 
ered bicarbonate; (3) the concentration of 
other solutes such as chloride and also ascor- 
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bate would rise owing to a diminished dilu- 
tion effect as a result of the reduced amount 
of water entering the posterior chamber ; and 
(4) the turnover rate of sodium would de- 
crease, 

Observations made independently by Dr. 
Becker and us show that the concentrations 
of bicarbonate in the aqueous humor of both 
the anterior and posterior chambers are re- 
duced, and those of ascorbate and chloride 
are increased after administration of Dia- 
mox to rabbits. Aqueous flow was found, 
using various methods, to be decreased by 
this drug. Dr. Becker and Dr. Grant em- 
ployed tonography, Dr. Friedenwald and Dr. 
Linnér, delay in fluoroscein appearance time, 
and we, the para-aminohippuric-acid disap- 
pearance time. 


These results are compatible with the no- 
tion not only that flow is dependent on pro- 
duction of bicarbonate, but that the mode of 
action of Diamox in the eye is through the 
local inhibition of carbonic anhydrase. ‘Ap- 
parently incompatible with the secretion-dif- 
fusion theory, as outlined above, is our ob- 
servation that the turnover rate of sodium 
in the posterior and anterior chambers is not 
appreciably reduced by Diamox. This recent 
finding indicates a need for re-evaluating 
the secretion-diffusion theory of aqueous 
humor formation, particularly as it pertains 
to mode of entrance of sodium, and/or re- 
evaluating the mode of action of Diamox 
in reducing flow. 


690 Mullett Street (26) 


CARBONIC ANHYDRASE ACTIVITY AND THE DISTRIBUTION 
OF DIAMOX IN THE RABBIT EYE 


Eimer J. BaLuintine,* M.D. 
Cleveland, Ohio 
AND 
Tuomas H. Maren,’ M.D. 
Gainesville, Florida 


A theory for the formation of aqueous 
humor supposes that the production of bi- 
carbonate ions in the posterior chamber is 
a primary event.’ Dependence of such. for- 
mation on carbonic anhydrase is inferred by 
the occurrence of this enzyme in the anterior 
uvea® and the lowering of the intraocular 
pressure of glaucomatous patients by the 
specific carbonic anhydrase inhibitor aceta- 
zoleamide ( Diamox* 

The lowering of intraocular pressure in 
albino rabbits by intravenous administration 
of Diamox is variable. Green et al.* inter- 
preted their data as showing no lowering of 


* From the Western Reserve University, Depart- 
ment of Surgery, Ophthalmology Service. 

' From the Experimental Therapeutics Section, 
Research Division American Cyanamid Company. 

2 2 acetylamino, —1, 3, 4, thiadiazole, —5 sulfona- 
mide. 


pressure, Kinsey’ found reduction of pres- 
sure in only a small proportion of rabbits, 
while Becker* found reduction in almost all. 

Our supply contained a few rabbits (here- 
after referred to as “reactors”) which re- 
sponded to each administration of Diamox 
with a profound fall in intraocular pressure, 
some (referred to as “nonreactors”) in 
which intraocular pressure was relatively 
unaffected, and many in which repeated 
trials produced equivocal results. 

The purposes of this investigation were 
(1) to localize further the site of carbonic 
anhydrase activity in the eye, (2) to deter- 
mine the distribution of Diamox in the eye, 
and (3) to find if enzyme activity or drug 
distribution differed between reactors and 
nonreactors. Particular attention was given 
to quantitative estimation and correction for 
blood in tissues, a point of particular im- 
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portance because of the high concentration 
of both enzyme and inhibitor in erythrocytes. 


METHODS 


Lots of six to 12 albino rabbits (New 
Zealand white giants) weighing 3.0 to 5.0 
kg. were obtained from a single supplier. 
From March 31, 1954, to January 1, 1955, 
they were maintained on Purina Rabbit Pel- 
lets and from January 1, 1955, to May 8, 
1955, on Rockland Rabbit Ration. 

Forty-six rabbits were tested to determine 
if an intravenous injection of the sodium salt 
of Diamox* would produce a fall in intra- 
ocular pressure. In each test control pres- 
sures were measured, the Diamox was in- 
jected in the marginal ear vein, and the 
pressures measured at uniform intervals 
(10, 15, or 20 min.) for one and one-half 
to three hours. On most of the rabbits the 
test was repeated one or more times three or 
more days after the previous test. The same 
certified Schigtz tonometer was used for 
all pressure measurements. 

Each rabbit also had the test repeated one 
or more times using, instead of Diamox, 
sodium sulfadiazine in approximately equal 
molar concentration. These tests were con- 
trols to evaluate the effects of handling, in- 
jection, and repeated tension measurements. 

Preliminary tests showed that the response 
of a rabbit was not changed enough by 
changing the interval between tension meas- 
urements (10, 15, or 20 min.) to affect its 
classification as a reactor or nonreactor. 
Doses of Diamox were 10 and 20 mg./kg. 
(solutions of 5.0 and 10 mg./ml.). Pre- 
liminary tests showed that the pressure 
changes were the same for doses of 10 and 
20 mg./kg. 

When enzyme activity was determined, 
blood was obtained by cardiac puncture with 
a heparinized syringe, the hematocrit de- 
termined, and a specimen of plasma obtained 
by centrifugation. The rabbit was decapi- 


* Prepared by addition of 1.6 moles of sodium 
hydroxide to one mole of Diamox. “Diamox” re- 
fers to such a solution throughout. 
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tated and aqueous humor collected. The eyes 
were enucleated, washed in iced Krebs 
Ringer solution, and opened equatorially. 
The lens and vitreous were removed from 
the anterior half and the anterior half 
everted on a special holder in a bath of iced 
Krebs Ringer solution or normal saline. 
Under a dissecting microscope the indi- 
vidual ciliary processes were dissected from 
the underlying iris and the iris was removed. 

The ciliary processes and irises were 
weighed, then homogenized in ice cold glass 
homogenizers with enough water to give a 
1.5, 2.0, or 4.0-percent homogenate. The 
amount of blood in a portion of the homoge- 
nate was determined by the pseudo-perox:- 
dase reaction (modified from Bing and 
Baker’) with purified benzidine in a Klett 
photoelectric colorimeter using the rabbit's 
blood as a standard (see appendix ). 

The homogenates, aqueous humor, blood, 
and plasma were frozen and packed in “dry 
ice” in a Dewar flask and shipped via air 
express to Stamford, Connecticut, where 
they were assayed for carbonic anhydrase 
activity by the changing pH method.* The 
results were expressed in enzyme units as 
defined in reference* and were corrected for 
the carbonic anhydrase activity of the red 
blood cells present. In experiments to deter- 
mine the concentration of Diamox, the pro- 
cedure was changed only in that control 
blood was obtained by cardiac puncture, then 
Diamox was administered intravenously, and 
a second blood specimen obtained just before 
decapitation. 

In an attempt to reduce the correction for 
blood retained in ciliary processes, two rab- 
bit heads (Nos. 572, 576) were perfused 
through both carotids with 1,500 ml. of iced 
Krebs Ringer solution each, and the dissec- 
tions were then performed as described 
above, In these dissections, the ciliary proc- 
esses appeared to be almost completely free 
of blood. 

Two eyes for enzyme activity (No, 559) 
and four for Diamox distribution (No. 1, 
562) were dissected in a cold room in air, 
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without separating ciliary processes from 
iris, to determine if enzyme or Diamox was 
washed out by dissection in the bath. The 
enzyme activity of homogenates of tissues 
obtained after Diamox administration was 
measured in six eyes (Nos. 479, 503, 514). 


RESULTS 


Forty-six rabbits were tested 123 times 
with Diamox and 63 times with sulfadiazine 
with the results shown in Table 1. 

The probability of the differences between 
the means for the two substances occurring 
by’ chance is less than 10°. The probability 
of the differences between the standard de- 
viations for the two substances occur- 
ring by chance is less than one percent 
(P< Ol). 

In repeated tests with Diamox, certain 
rabbits showed increases in tonometer read- 
ings that were consistently greater than in 
others in which the increases were small 
or erratic. Since the average fall produced 
by sulfadiazine injection, plus two standard 
deviations equals 3.8, rabbits were called 
“reactors” if, on every test with Diamox, 
the tonometer reading rose four or more 
units, Since the tonometer reading after 
Diamox rarely exceeded 8.0 and because a 
few rabbits had control readings of 4.0 or 
more, rabbits were also called reactors if the 
tonometer reading consistently rose three 
units and the highest reading was 7.5 or 
more. If the rise in tonometer reading was 
consistently less than these limits, the rabbit 
was called a “nonreactor.” 

By these criteria six were reactors and 


TABLE 1 
RESULTS OF TESTS DIAMOX AND 
SULFADIAZINE 
Bose 
Test Substance Tonometer Scale Reading 
+ Standard Deviation — 
Sulfadiazine O.D. 1.8+1.0 
OS. 1.8+1.0 
Diamox O.D. 3.0+1.4 
OS. 3.041.3 
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19 were nonreactors. Fifteen could not be 
classified because their responses were er- 
ratic ; on some tests being reactors, on others 
nonreactors, and frequently showing differ- 
ent responses in the two eyes on the same 
test. (Of the 19 nonreactors, seven were 
tested only once with Diamox and might 
have been erratic on repeated tests.) Four 
rabbits which were reactors initially became 
nonreactors and two which were initially 
nonreactors, became reacters when observed 
over periods of one to four months. 

Rabbits were selected from the groups of 
reactors and nonreactors for carbonic an- 
hydrase and Diamox assays, the results of 
which are shown in Tables 2 and 4. All values 
are corrected for the blood content of the 
tissue. The blood content and the total en- 
zyme activity of the tissues and the enzyme 
activity of the contained blood are shown 
in Table 3. The corrections in the Diamox 
assays for the inhibitor in the blood in the 
tissues are insignificant. 


DISCUSSION 


These findings (table 2) confirm the 
known carbonic anhydrase activity of the 
lens.” Because there were so few reactors 
among these rabbits, there are not enough 
data to be certain, but there is no obvious 
difference in enzyme activity between tissues 
from reactors and nonreactors. The concen- 
tration of carbonic anhydrase in the ciliary 
processes is approximately three times that 
in the iris, 

An average of 0.012 gm. of processes and 
0.052 gm. of iris was obtained from one eye. 
The average concentration of enzyme in the 
processes was 25 units/gm, and in the iris, 
9.0 units/gm. The sum of the enzyme ac- 
tivity of iris and ciliary processes is there- 
fore 0.8 enzyme units. The weight of undis- 
sected anterior uvea average 0.060 gm. In 
the experiment where the tissues were not 
washed the combined iris and processes had 
23 E.U./gm. so that the total activity of the 
anterior uvea of one eye was 1.3 E.U. 

Wistrand® reported that the carbonic an- 
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TABLE 2 
CARBONIC ANHYDRASE ACTIVITY OF OCULAR TISSUES 
Carbonic Activity, U ad Thaw 
Rabbit No Response 
“Diamox”™ Whole Ciliary Iris ueous 
Blood Processes umor 
1A pooled Not 
2A specimens tested 330 270 9.0 <5 
723 Reactor 360 215 47.0 <25° <10° 
573 Reactor 670 5.0 4 
493 Nonreactor 550 175 18.5 15 <2 
Nonreactor 525 18.0 5 
Nonreactor 388 147{ pooled specimens 
Nonreactor 800 25.0 15 
$72 | f Nonreactor 730 8.0 9 
559 Dissection Equivocal 750 265 intact iris and processes 
in air 
O.D. O.S, 
24 


22 


* Insufficient material for further assay. 


hydrase activity of the combined anterior 
uvea was one seventh that of erythrocytes. 
In our experiments the average activity of 
the erythrocytes was 567 units so that at the 
most the activity of the anterior uvea was 
not more than one twentieth that of the 
erythrocytes. Even if the correction for 
erythrocytes in the tissue is omitted in our 


highest values, the calculated activity of the 
anterior uvea is only 25 E.U./gm. or about 
one twenty-third that of erythrocytes. The 
data of Green et al.” are of such form that 
they cannot be compared to our results. 
Table 4 indicates that there is no obvious 
difference in uptake of Diamox by ocular 
tissues of reactors and nonreactors. There 


TABLE 3 


Conencras FOR BLOOD CONTENT OF TISSUES 


Gross Net 
Carbonic Correction Unayme 
Rabbit 7; Anhydrase for Blood 
No. Activity Enzyme 
gm. /gm. Enzyme units/gm. 
units /gm. (Ta 
1A 
2A Ciliary processes 0.0013 40.0 1.0 39.0 
723 Ciliary processes 0.025 70.0 23.0 47.0 
573 Iris 0.002 7.0 3.0 4.0 
Ciliary processes 0.006 15.0 10.0 5.0 
493 Iris 0.004 20.0 5.0 15.0 
Ciliary processes 0.026 50.0 32.5 18.5 
108) Ciliary processes 0.010 30.0 12.0 18.0 
4 
576° Iris 0.0005 16.0 1.0 15.0 
Ciliary processes 0.001 27.0 2.0 25.0 
572° Iris 0.001 11.0 2.0 9.0 
Ciliary processes 0.004 15.0 7.0 8.0 
559 Undissected Anterior U vea 
O.D. 0.0006 25.0 1.0 24.0 
OS. 0.001 23.0 1.0 22.0 


* Heads perfused. 
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TABLE 4 
DIAMOX CONCENTRATION IN OCULAR TISSUES 


“Diamox”™ Gonsentration (microgram /gram) 


it “Diamox” to val* ueous 
No. (mg./kg.) “Diamox" (min.) Lens Ciliary Iris Plasma 
Ratio 
787 - iv Nonreactor 120 0.8 0.6 2.2 12.0 0.05 
574 me Nonreactor 120 0.7 0.9 18.0 5.0 1.3 16.6 0.054 
q. 
min <3 / 
566 20 i.v Nonreactor 45 <0.2 13.5 2.9 0.6 10.2 
499 20 iv Reactor 20 0.8 0.3 20.8 7.2 1.3 19.5 0.015 
507 20 iv Nonreactor 60 <.7 0.4 8.2 5.2 1.5 9.2 0.043 
479 10 iv Reactor +” 1.2 0.5 10.3 8.5 0.058 
503 10 iv Nonreactor 20 2.0 8.2 9.0 
565 20 iv Reactor »#” 0.2 0.8 29.5 intact iris 23.5 0.035 
Dissected a 
in air O.D. O.S. 
11.7 12.1 
] 20 iv Dissected 60 0.0 0.8 18.5 2.4 2.2 12.2 0.065 
in air 


* From first Diamox injection to decapitation. 


was about four times as much Diamox pres- 
ent in the ciliary processes as in the iris in- 
dicating some localization at the presumed 
site of action. The aqueous/plasma ratios 
agree closely with spinal fluid/plasma ratios 
found previously." 

The concentration of Diamox in aqueous 
humor ranged 0.3 to 0.9 7/ml. These data 
do not agree with those of Green" who re- 


ports a range of 0 to 23 y/ml. for similar 
experiments using a spectrophotometric as- 
say. Green also reported concentrations of 
Diamox in the uvea 20 times those reported 
here. 

Table 5 gives the apparent enzyme activity 
in vitro of various tissues following ad- 
ministration of Diamox. The data reflect the 
interaction of enzyme and inhibitor in the 


TABLE 5 
APPARENT ENZYME ACTIVITY IN TISSUES OBTAINED AFTER DIAMOX ADMINISTRATION 
Control. 
Rab- Doseof Interval Ciliary 
bit Diemox Blood Plasma Lens Proc. Iris )queous Blood 
No. mg./kg. umor (No 
Diamox) 
479 10 3» Activity 312.0 135.0 <13 <5 650 
Diamox 10.3 8.5 1.2 0.53 0 
Conc. 
503 10 20 Activity 250.0 <27 408 
Diamox 9.0 0 
Conc. 
514 20 120 Activity 160.0 274.0 0 
q. 30 min. 
x3 Diamox 18.0 16.6 0.7 5.0 1.3 0.9 0 
Conc. 


' From Diamox administration to decapitation. 


Activity Apparent enz units/gm. Diamox Conc. micrograms/gm. 


* Insufficient material to any 


enzyme activity. 


SYMPOSIUM: TRENDS 


dilute in vitro system, but may not mirror 
in vivo events since dilution and disruption 
of cellular organization may change enzyme 
inhibitor relation from what it was in the 
body. The value of the data lies in the quali- 
tative comparison among tissues with greatly 
differing concentrations of enzyme and drug, 
as were noted in Tables 2 and 4. 

In blood, with very high enzyme concen- 
tration and high Diamox concentration, there 
was some decrease in enzyme activity, con- 
firming previous work in dog."' In the lens, 
with high enzyme concentration and very 
little Diamox, effect on enzyme activity was 
imperceptible, In the iris with relatively low 
enzyme activity and moderate Diamox con- 
centration no carbonic anhydrase activity 
was detectable. 

Insufficient material was available to dem- 
onstrate the extent of the inhibition in the 
processes except that, as noted, no enzyme 
activity was detected as far as it was sought 
(table 5). However, the order of such in- 
hibition may be estimated since we know 
the concentration of inhibitor present (tables 
4 and 5, about 5 y/gm.) and the concentra- 
tion of enzyme (table 2, about 20 units/ 
gm.). In the in vitro system used (ref. 8, fig. 
2), 0.006 y Diamox/ml. inhibits 50 percent 
of enzyme activity. Further investigation 
showed that 0.05 y/ml. abolishes all detect- 
able enzyme activity. There is then in the 
ciliary process about 100 times as much 
Diamox as needed for “complete’”’ inhibition. 
This figure is admittedly inaccurate since 
there is considerably more enzyme in vivo 
than in vitro and there is some evidence that 
increased concentration of enzyme does de- 
crease the degree of inhibition in this sys- 
tem. Nevertheless, the 100-fold margin does 
allow the reasonable possibility that virtually 
complete inhibition of carbonic anhydrase is 
achieved in the ciliary process. 


SUMMARY 


(1) In a series of 46 rabbits given 10 or 
20 mg./kg. Diamox intravenously on 123 
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occasions, the average increase in Schigtz 
tonometer reading was 3.0 (standard devia- 
tion = 1.3). When the same rabbits were 
given sulfadiazine in equal concentration the 
average increase was 1.8 (S.D. = 1.0). 

(2) Six rabbits had consistently large in- 
creases in tonometer readings and 19 had 
consistently small increases. 

(3) There were no obvious differences in 
either carbonic anhydrase activity or con- 
centration of Diamox in tissues from rab- 
bits that had large and small increases in 
tonometer readings after Diamox. 

(4) The amount of Diamox present in 
iris and in ciliary processes after intravenous 
administration of Diamox (10 or 20 
mg./kg.) is enough to inhibit almost com- 
pletely carbonic anhydrase activity, if the 
inhibitor reaches the enzyme, There was in- 
sufficient Diamox present in the lens to have 
detectable effect on its carbonic anhydrase 
activity. 

10515 Carnegie Avenue (6). 

Department of Pharmacology, 

University of Florida School of Medi- 
cine. 


Aprenpix A 


DETERMINATION OF THE BLOOD CONTENT OF 
HOMOGENATES BY THE PSEUDOPEROXIDASE 
REACTION 


The sensitivity and reproducibity of analyses for 
blood by the pseudoperoxidase reaction depend 
largely upon the purity of the benzidine and the 
standardization of the hydrogen peroxide (Bing 
and Baker’ ). 

In agreement with Bing” we found that two lots 
of commercial benzidine were unsuitable unless 
purified by the method of Bing™ The unpurified 
material frequently gave reagent blanks which were 
a large and variable fraction of the total color den- 
sity produced by the homogenates. When an at- 
tempt is made to compare the homogenates to speci- 
mens of diluted blood by schemes involving serial 
dilution, the color from the reagents may mask 
the color from the blood. 

Therefore the method of Bing and Baker,’ using 
benzidine reagent purified and prepared according 
to Bing,” was modified as follows: 

The hematocrit (H) of the rabbit's heparinized 
blood was determined. Blood was diluted one part 
to 20,000 and 0.1, 0.3, and 0.5 ml. transferred to 
colorimeter tubes and made up to 0.5 mil. with 
water. The homogenates wese diluted with water 
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so that there was one part tissue in 50 to 350 parts 


WwW l 
of — ss — to ——), 
homogenate From 0.1 to 03 
ml. (V) of the diluted homogenate was measured 
into a colorimeter tube and made up to 0.5 ml. 
with water. Water, 0.5 ml., was placed in a color- 
imeter tube for a reagent blank. 

To each colorimeter tube 1.0 mil. of the benzi- 
dine reagent was added and mixed; then 0.5 ml. of 
0.6-percent hydrogen perioxide was added and 
mixed, After one hour 12.0 ml. of 20-percent 
acetic acid was added and the color measured in 
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the Klett-Sommerson colorimeter using a No.-50 
filter. When the volume of diluted blood was plotted 
against the Klett readings, a straight line resulted. 
From this graph the volume of diluted blood (D) 
equivalent to the volume (V) of dilute homogenate 
in the colorimeter tube was found. 

If the concentration of tissue in the homogenate 


W 
is — gm/ml. and ¢ is the gm. of erythrocytes per 


Of tissue, g = — 
gm 20,000 W 
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DISCUSSION 


De. Jounw E. Harris (Portland, Oregon): I 
certainly feel that we owe the essayists a heartfelt 
vote of thanks for their tremendous contributions. 

They have raised several intriguing questions. 
Among them is the problem of the rabbits that do 
not respond to Diamox. 

As I recall, Dr. Becker, you found that the 
“nonreactors” among the rabbits showed a dimin- 
ished facility of outflow and felt that this was the 
reason for their poor response to Diamox. Is that 
correct ? 

Da. Becker: The largest number of them. 

De. Harats: In a paper recently published by 
Dr. Kinsey and his associates, it was demonstrated 
that the “nonreactors” could in certain cases be con- 
verted to “reactors by increasing the salt content of 
the diet or by administering aldosterone. You men- 
tioned that 9-a-fluorohydrocortisone was also effec- 
tive. Both of these hormones are potent sodium 
retainers. One can conclude, therefore, that such 
treatment must increase the facility of outflow in 


those “nonreacting” animals under the conditions 
of the experiment. I am wondering whether you 
have found this to be so, and, if so, whether you 
have any thoughts on the mechanism by which this 
effect might be mediated ? 

I do not know that we can dismiss the experi- 
ments of Dr. Green and his associates quite so 
readily as has Dr. Friedenwald. There are certain 
discrepancies among the accumulated data which 
must, of course, be resolved by further experi- 
mentation. Among these is the question of whether 
systemic administration of Diamox reduces the 
bicarbonate concentration of the aqueous inde- 
pendently of the changes in the plasma. There is 
almost universal agreement, however, that while 
systemic administration of the drug lowers the 
ocular tension in both glaucomatous eyes and in the 
normal eyes of many rabbits, it is singularly in- 
effective when administered locally by a variety of 
routes. The observation that subconjunctival in- 
jection inhibits carbonic anhydrase activity of the 
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anterior uveal tissue is therefore significant. As Dr. 
Friedenwald has mentioned, considerable reduction 
im enzyme concentration might cause only a slight 
alteration of cellular function. Dr. Green and his 
co-workers were measuring carbonic anhydrase 
activity and presumably, therefore, biologic func- 
tion, insofar as we can project such in vitro ex- 
periments to in vivo conditions. If the hypotensive 
action of the drug is as postulated, a decrease in 
ocular tension following subconjunctival injection 
would reasonably be predicted from the work of 
these authors. 

Tissue organization (and even cellular organiza- 
tion) undoubtedly plays an important role in secre- 
tory function, however, and, as has been pointed 
out, the side to which an inhibitor is delivered must 
unquestionably be significant. This has been demon- 
strated with other drugs. For example, the particu- 
lar enzyme which the mercurial diuretics inhibit is 
widely distributed in the body. Nevertheless, these 
drugs apparently concentrate only in the kidney 
tubule, where they inhibit enzyme function and 
thus promote diuresis but do not alter the activity 


of the same enzyme elsewhere. I have wondered 
whether Diamox may be similarly concentrated 
at certain strategic points, since in spite of the 
widespread distribution of carbonic anhydrase, the 
drug seems preferentially to affect the kidney tubule 
(which may result simply from its concentration 
by the urinary tract), the ciliary body, and prob- 
ably the choroid plexus. 

The final answer, I think, is still unknown. 

Da. Becker (St. Louis, Missouri): We 
have experiments in progress to determine what 
substances like 9-alphafluorohydrocortisone do to 
facility of outflow. All I can say is that there is 
suggestive evidence that, in animals where the 
facility of outflow is decreased, either spontane- 
ously or because of previous Diamox administra- 
tion, 9-alphafluorohydrocortisone improves that fa- 
cility of outflow. 

This may not be a means of improving facility 
of outflow in all animals. It may be a permissive 
effect, if you like, a means of blocking the reflex 
of closure of outflow channels. This is purely 
speculative at present, however. 


THE EFFECT OF SYMPATHETIC NERVE IMPULSES ON 
THE CILIARY MUSCLE* 


Car_ton FE. Merton, Px.D., Epwarp W. Purnett, M.A., 
AND GERHARD A. Brecner,’ M.D. 
Cleveland, Ohio 


From time to time during the past century 
reports have appeared in the literature either 
claiming or denying sympathetic innervation 
of the ciliary muscle ( Fleming’). Attention 
has been focused again on the sympathetic 
innervation of structures within the eye 
because of the role which this innervation 
may play in aqueous drainage and chronic 
simple glaucoma. In view of the confusion 
surrounding this subject, it appeared neces- 
sary to obtain basic information, by direct 
means, about the mode of action of the 
sympathetic nervous system on the intraocu- 
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Gerhard A. Brecher, Department of Physiology, 
Ohio State University, Columbus 10, Ohio. 


lar musculature, specifically the ciliary mus- 
cle. 

With the exception of some controversial 
older reports, no information is available re- 
garding the direct action of sympathetic ex- 
citation on the ciliary muscle. Cogan’ has re- 
viewed the early literature and has presented 
his own clinical observations on Horner's 
syndrome. He showed that a decrease of ac- 
commodative power amounting to 0.5 to 2.5 
diopters was sympathetically mediated. 
Cogan expressed the view that, in the hu- 
man, the radial fibers of the ciliary muscle 
were sympathetically innervated and that 
contraction of these fibers resulted in flatten- 
ing of the lens. 

Following Cogan’s excellent review, Olm- 
sted*’ and his collaborators investigated the 
effect of sympathetic stimulation on the ac- 
commodative power of the eyes in cats, rab- 
bits, dogs, and monkeys. In all species ex- 
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amined, they found that stimulation of the 
cervical sympathetic trunk caused flattening 
of the lens. The nerve fibers responsible for 
lens flattening had the same origin and course 
as those effecting pupillary dilatation. Fur- 
thermore, extirpation of the superior cervical 
ganglion caused myopia on the operated side 
and section of the third nerve caused ipsi- 
lateral hypermetropia. 

Siebeck* presented good evidence that in 
the human eye the rest-point of accommoda- 
tion is between the far point and the near 
point. Sympathomimetic drugs instilled into 
the conjunctival sac shifted the rest point 
toward the far point. Siebeck concluded that 
Helmholtz’s theory of distance accommoda- 
tion explained only the dioptric changes be- 
tween the near-point and rest-point, How- 
ever, the remaining one or two diopters of 
distance accommodation could not be ex- 
plained by the Helmholtz theory because, in 
his opinion, they were sympathetically medi- 
ated. 

Using enucleated cats’ eyes, Meesmann® 
demonstrated that parasympathomimetically- 
induced contractions of the ciliary muscle 
could be partially or entirely counteracted by 
sympathomimetic agents. He concluded that 
the ciliary muscle was dually innervated. This 
view was supported by the histologic work 
of Wolter,” according to whom the ciliary 
muscle is supplied by two types of nerve 
fibers, one of which he believed to be sympa- 
thetic in character. 

From the evidence in the literature, it 
appears that distance accommodation can be 
brought about by sympathetic nerve im- 
pulses. However, the site, type, and nature 
of the sympathetically innervated end organ 
responsible for the effect is still obscure. 
Fleming’ suggested that the myopia result- 
ing from superior cervical ganglionectomy 
was due to an engorgement of the ciliary 
body with blood. According to this hypothe- 
sis, such engorgement caused an increase in 
volume of the ciliary body and a consequent 
decrease in tension on the zonule, He arrived 
at this conclusion because the time course 


during which the myopia subsided after sev- 
eral days paralleled that during which vas- 
cular dilatation subsided in other organs 
after sympathectomy. Conversely, Fleming 
thought that stimulation of the cervical sym- 
pathetic trunk resulting in flattening of the 
lens by constriction of the ciliary vasculature 
which caused a decrease in volume of the 
ciliary body and tightening of the zonule. 

Obviously, the action of the sympathetic 
nervous system on the ciliary muscle could 
not be elucidated by adding further circum- 
stantial evidence or by a reinterpretation of 
the known data. Experiments were therefore 
designed which would yield direct informa- 
tion about ciliary muscle movements under 
strictly controlled conditions in the enu- 
cleated eye with all circulatory and extra- 
ocular effects excluded. 


MetTHuop 


All experiments were performed on cats. 
The eyes, with their autonomic nerves intact, 
were excised according to the following pro- 
cedure. The orbit was exenterated and the 
eye and its adnexa mounted on a paraffned 
block. Extraneous tissue was carefully re- 
moved and the ciliary ganglion and the long 
and short ciliary nerves were isolated, The 
ciliary muscle was exposed through a me- 
ridional scleral window which began one to 
two mm. back of the limbus and measured 
about 2.0 to 9.0 mm. Two pairs of silver-wire 
stimulating electrodes mounted on manipula- 
tors were brought into position; one pair 
was placed either on the ciliary ganglion or 
short ciliary nerves and the other pair on 
one of the long ciliary nerves. Electrical 
stimuli were delivered by either an induc- 
torium or an electronic square wave gen- 
erator. By means of a switch, stimuli could 
be directed to either set of nerves or to both 
simultaneously. A 6-0 silk loop was passed 
loosely through the superficial layers of the 
ciliary muscle and attached to the plate pin 
of an RCA No. 5734 mechano-electronic 
vacuum tubegransducer. The output of the 
tube was amplified by a Brush D-C amplifier 
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Fig. 1 (Melton, Purnell and Brecher). Diagram illustrating different directions in which the movement 
of the ciliary muscle was transmitted to the plate pin of the transducer. (A) Recording in radial direc- 
tion. (B) Recording in tangentially forward direction. (C) Recording in tangentially backward direction, 
(a) Plate pin of transducer tube. (b) 6-0 thread loop. (c) Scleral window. 


and fed onto the pen of a single channel 
Brush ink-writer. The preparation was 
bathed by a continuous stream of Ringer 
solution kept at 38°C. 

Records were taken in three directions 
from the same point on the muscle (fig. 1): 
radially (A), tangentially forward (B), and 
tangentially backward (C). An increase m 
tension on the plate pin of the transducer 
tube was recorded as an upward deflection 
of the recording pen; a decrease in tension 
was recorded as a downward deflection. The 
tension in milligrams developed by the mus- 
cle was determined by hanging weights on 
the pin of the transducer. 


RESULTS 


Stimulation of the sympathetic (long 
ciliary) and of the parasympathetic nerves 
(ciliary ganglion or short ciliary nerves) al- 
ways caused marked movement of the ciliary 
muscle. Table 1 is comprised of the data 
from all experiments in which any response 
to stimulation of the sympathetic or para- 
sympathetic nerves was obtained. In a num- 
ber of these experiments it was possible to 


record in one and the same preparation re- 
sponses to sympathetic as well as parasympa- 
thetic stimulation. These data are presented 
in Table 2. It contains all possible combina- 
tions of the directions in which the muscle 
may move. 

With the recording technique employed, it 
was not possible to obtain in each expert- 
ment directionally opposite movements from 
sympathetic and parasympathetic stimula- 
tion. The results from parasympathetic exci- 
tation are considered first because they were 
always uniform. 


1. PARASYMPATHETIC STIMULATION 
ARY GANGLION ) 


(CILI- 


a. Recording in a radial direction ( fig. 
1-A) 

Stimulation of the parasympathetic ciliary 
ganglion caused the ciliary muscle to move 
invariably outward in a radial direction as 
demonstrated by the downward swing of the 
tracing in Figure 2-A. This movement was 
always accompanied by a symmetrical pupil- 
lary constriction. The direction of movement 
did not depend upon the location of attach- 
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TABLE 1* 


Number of Experiments 


(+) (—) | ( | (-) 
Sympathetic | Sympathetic Parasympathetic | Parasympathetic 
Stimulation Stimulation Stimulation Stimulation 
Radial 12 ) 13 | 0 | 32 


Tangentially 
forward 


11 | 


NS. 


* Increased tension on plate pin of transducer registered as upward deflection of recording pen (symbolized 
by (+) sign). Decreased tension on plate pin of transducer registered as downward deflection of recording 


pen (symbolized by (—) sign). 


ment of the loop on the ciliary muscle within 
the limits of 2 to 10 mm, from the limbus. 


b. Tangentially forward recording (fig. 
1-B) 

When records were taken in the forward 
direction tangentially to the muscle, the ten- 
sion on the pin of the transducer tube in- 
creased in a significant number of cases as 
demonstrated by the upward swing of the 
tracing in Figure 2-B, The increased tension 
could be caused by two factors: (1) a vector 
of the radially outward movement, (2) a 
backward movement, Either or both of these 
factors would bring about an increase in ten- 
sion and so would a combination of the two. 


c. Tangentially backward recording (fig. 
1-C) 

In order to determine whether or not 
there was a backward movement in addition 


to the outward movement, records were 
taken tangentially to the muscle in the back- 
ward direction. These records showed that 
in half the cases there was a decrease in ten- 
sion as depicted in Figure 2-C, and in half 
the cases an increase in tension. 

In summary, the principal movement of 
the ciliary muscle upon parasympathetic 
stimulation was radially outward. In half of 
the cases the outward movement was ac- 
companied by a backward component. 


2. SYMPATHETIC STIMULATION 


a. Recording in a radial direction (fig. 
1-A) 


Stimulation of one of the long ciliary 
nerves resulted in a radially inward move- 
ment of the ciliary muscle in half of the 
cases as illustrated by the upswing of the 
tracing in Figure 3-A. In the other half of 


TABLE 2* 


DIRECTION OF MUSCLE MOVEMENT UPON SYMPATHETIC EXCITATION COMPARED WITH MOVEMENT OF 
SAME MUSCLE UPON PARASYMPATHETIC EXCITATION 


Recording 
direction 
Radial 
Tangentially 
forward ! 0 
Tangentiall 
4 0 


(+) Sympathetic 


* See Table | for explanation of symbols. 


(—) Sympathetic 
(~) Parasympathetic (+) Parasympathetic (+) Parasympathetic’( 
12 0 0 1. 


— — 


Number of Experiments 


(+) Sympathetic —) Sympathetic 


| 
16 | 3 


6 6 
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Fig. 2 (Melton, Purnell and Brecher). Response 
of ciliary muscle to parasympathetic stimulation. 
Records taken in three directions from a single 
point on the ciliary muscle. (A) Recording in 
radial direction; decrease in tension = 45 mg. (B) 
Recording in tangentially forward direction; in- 
crease in tension= 24 mg. (C) Recording in 
tangentially backward direction; decrease in ten- 
sion = 10 mg. (Upper tracing: myogram. Lower 
tracing: stimulus.) 


the cases the movement was the same as that 
which occurred upon parasympathetic ex- 
citation. Sympathetic stimulation was accom- 
panied by a pupillary dilatation. This was al- 
ways asymmetrical in the meridian of the 
stimulated nerve fibers. In most cases the 
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Fig. 3 (Melton, Purnell and Brecher). Response 
of ciliary muscle to sympathetic stimulation. Rec- 
ords taken in three directions from a single point 
on the ciliary muscle. (A) Recording in radial 
direction; increase in tension = 25 mg. (B) Re 
cording in tangentially forward direction; mcrease 
in tension = 20 mg. (CC) Recording in tangentially 
backward direction; increase in tension = 10 mg. 
(Tracings as in Figure 2.) 


dilatation was ill-defined and preceded by a 
brief, slight constriction. 

b. Tangentially forward recording (fig. 
1-B) 

When records were taken tangentially to 
the muscle in the forward direction there 
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was an increase in tension on the transducer 
in a significant number of cases, as shown 
by the upward swing of the tracing in Figure 
3-B. This increase in tension could have 
resulted from a vector of the radially inward 
movement or from a backward movement 
or a combination of both movements. 


c. Tangentially backward recording (fig. 
1-C) 

Records taken tangentially to the muscle 
in a backward direction showed that in about 
half the cases there was an increase in ten- 
sion (fig. 3-C) and in the rest a decrease 
upon stimulation of the sympathetic nerves. 
However, without exception, when the radial 
record showed an increase in tension both 
tangential records also showed a tension in- 
crease, 

When the muscle was excited by sympa- 
thetic as well as by parasympathetic im- 
pulses, the direction of the response was op- 
posite in half of the cases, When the move- 
ments were identical they were always of the 
type characteristic of parasympathetic stimu- 
lation. In no case has stimulation of the 
ciliary ganglion yielded a response similar to 
that obtained upon sympathetic stimulation. 
In those cases in which the responses were 
in opposite directions radially, simultaneous 
stimulation of both sets of nerves yielded 
no response. 

In summary, upon sympathetic stimulation 
a radially inward movement of the ciliary 


muscle was demonstrated. 


DISCUSSION 


The experiments reported here demon- 
strate that the ciliary muscle shows a definite 
movement in response to direct stimulation 
of the sympathetic nerves. This movement 
can only be caused by a contraction of the 
ciliary muscle itself. It should be emphasized 
that, under the strictly controlled conditions 
of the enucleated eye, impacts from ex- 
traocular muscle movements, deformation 
of the eyeball from intraocular pressure 
changes, and variations in shape and size of 


the ciliary body through vascular engorge- 
ment or depletion were ruled out. It is now 
possible to explain, at least in part, the effect 
of sympathetic excitation on the dioptric 
power of the lens as a direct result of ciliary 
muscle contraction. This direct muscular ac- 
tion does not rule out the possibility of an 
additional mechanism in the intact eye: a 
decrease in volume of the ciliary body 
through constriction of the ciliary vascula- 
ture as suggested by Fleming.’ 

The movement of the ciliary muscle upon 
sympathetic stimulation was opposite in di- 
rection to that obtained upon parasympa- 
thetic stimulation. These opposing move- 
ments cancelled each other in all cases when 
sympathetic and parasympathetic nerves 
were simultaneously excited. Whereas the re- 
sponse of the ciliary muscle to parasympa- 
thetic stimulation was always uniform, the 
non-uniform reaction upon sympathetic 
stimulation requires an explanation. 

Since it was very difficult to identify 
anatomically the long ciliary nerves, we used 
the dilatation of the pupil as a criterion of 
sympathetic excitation in order to identify 
the sympathetic nerves. However, this pro- 
cedure is based on the assumption that the 
same sympathetic nerve fibers which supply 
the dilator pupillae also supply the ciliary 
muscle. This is not necessarily so. Since the 
sympathetic and parasympathetic fibers are 
intertwined near their point of entry into 
the eye (Christensen''), it is quite possible 
that predominantly sympathetic fibers lead- 
ing to the iris, but predominantly parasym- 
pathetic fibers leading to the ciliary muscle, 
were stimulated. In fact, in such a randomly 
arranged system, this result is to be ex- 
pected. This would explain the fact that in 
half of the cases of sympathetic stimulation 
as manifested by pupillary dilatation, the re- 
sponse of the ciliary muscle was a radially 
outward movement, just as that obtained by 
excitation of the parasympathetic ciliary 
ganglion, This explanation, based on an un- 
equal distribution of autonomic fibers to the 
ciliary and iris muscle, is also supported by 
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the histologic findings of Warwick."* He has 
shown that only about three percent of the 
parasympathetic fibers whose cell bodies lie 
in the ciliary ganglion go to the iris. The rest 
are presumed to go to the ciliary muscle, 

We interpret the inward and outward 
movements of the exposed ciliary muscle 
as those which produce tension changes on 
the zonule. In the preparation used in this 
study, the fibrous connections anchoring the 
ciliary muscle and choroid to the sclera were 
missing and were replaced by the pin of the 
transducer tube. As recorded through a 
scleral window, the inward pull upon sympa- 
thetic stimulation results from shortening of 
the radial muscle fibers and causes increased 
tension on the zonule and flattening of the 
lens. The opposite situation would obtain 
upon parasympathetic stimulation. The out- 
ward movement of the muscle represents 
lengthening of radial muscle fibers and con- 
sequent decreased tension on the zonule. 
This interpretation fits with the lens changes 
reported by Olmsted and his collaborators.** 

Implicit in this interpretation of the move- 
ment of the ciliary muscle of the cat is the 
idea that the radial muscle layer is the prin- 
cipal effector of accommodation in this spe- 
cies. Contraction of it is caused by sympa- 
thetic nerve impulses and results in lens 
flattening ; relaxation of it is caused by para- 
sympathetic nerve impulses and results in 
lens thickening. This relaxation may be due 
to inhibition of autonomous tone of the 
radial layer, a phenomenon well known in 
smooth muscle. The backward movement 
of the muscle can be interpreted as a partici- 
pation of the meridional layer in producing 
near accommodation. Such a movement 
would tend to relax tension on the forward- 


directed zonular fibers. The assignment of 
prime responsibility for accommodation to 
the radial layer of the cat is consistent with 
Walls” statement that the below 
primates have very little, if any, circular 
muscle layer. 


orders 


SUMMARY 


In strictly controlled experiments, the 
question was resolved whether or not the 
ciliary muscle fibers contract upon sympa- 
thetic nerve stimulation. In order to exclude 
extraocular movements, intraocular pressure 
changes, the sympathetic (long ciliary) as 
well as parasympathetic (short ciliary and 
ciliary ganglion) nerves were directly stimu- 
lated in the excised cat eye, Stimulation of 
parasympathetics or sympathetics produced 
marked movements of the ciliary muscle as 
recorded through scleral windows. The 
problems of eliciting a sympathetic response 
is discussed in detail. Upon parasympathetic 
stimulation the principal movement was in a 
radially outward direction, and upon sympa- 
thetic stimulation, in a radially inward direc- 
tion. The radially inward movement of the 
ciliary muscle to sympathetic stimulation is 
caused by a contraction of the radial muscle 
fibers in the ciliary body. The radially out- 
ward movement upon parasympathetic 
stimulation may be due to an inhibition of 
autonomous tone of the radial fibers. The 
effect of sympathetic excitation on distance 
accommodation can be explained, in part, 
as a direct action of the sympathetic nerves 
on the radial muscle fibers of the ciliary 
body. 


Department of Physiology, 
Western Reserve University (6). 
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DISCUSSION 


De. Perer C. (Chicago, Illinois): | 
would call this a neat piece of work, neat in design 
and neat in execution. 

We have been shown a set of observations sup- 
porting the concept that the radial muscle fibers 
in the ciliary body of the cat are under the direct 
and positive control of the sympathetic, and that 
the activity of these fibers constitutes a major fac- 
tor in the process of accommodation. 

At first glance the evidence shown may not seem 
very consistent. I believe the essayists are justi- 
fied in attributing some of the inconsistencies to 
impurity and indefiniteness of the long ciliary 
nerves, I ran into that difficulty about 15 years ago, 
when I became interested in stimulation of the 
sympathetic behind the globe. A number of times I 
observed that stimulation of a nerve which seemed 
to fulfill the anatomic requirements for a long 
ciliary nerve, caused no pupillary response. Ap- 
parently | was dealing with a mixed motor nerve 
or a purely sensory nerve. 

There is one other point that may account for 
some of the inconsistencies encountered by the 
essayists. The part of the muscle which they con- 
nected with the recording instrument is close to the 
surface of the muscle and pretty far forward, that 
is, close to the origin of the muscle. If the muscle 
is to function effectively, the origin should not 
thove at all. The ciliary muscle in the cat may be 
constructed in such a way that the outermost layers 
of the ciliary body, particularly in their anterior 
portion, do not move very much. Such a concept 
could explain both the slight inward and the slight 
outward movement observed by the essayists. 

1 am satished that the essayists have proven 
their main point, that is, the antagonistic nature 
of the responses to parasympathetic stimulation, on 
the one hand, and to sympathetic stimulation on the 
other. The question might be asked whether the 
results presented today tally with those presented 
here by Sachs of Detroit in 1942. In those experi- 


ments electric stimuli were applied directly to the 
exposed outer surface of the ciliary muscle. Chalk 
marks had to serve as indicators of any movements 
occurring during the stimulation. 

Dr. Sachs’ technique was not suitable for the 
demonstration af a radial component, but did show 
clearly a backward movement of the anterior part 
of the ciliary muscle and a forward movement of 
the posterior portion of the ciliary muscle. The 
present essayists have confirmed the former but not 
the latter component of ciliary muscle movement. 
The difference in the type of stimulation may ac- 
count for the difference in response. 

This study adds very materially to our knowledge 
of the mechanism of accommodation. 

Dre. C. E. Metron (in closing): I would like 
not only to express our gratitude, but to say that | 
think we are extremely fortunate in having Dr. 
Kronfeld discuss our work and give us the bene- 
fit of his wide experience in this field. 

He mentioned the large number of failures which 
ne encountered in attempting to stimulate the 
sympathetic nerves. | would like to emphasize that 
I have not reported our failures, which were nu- 
merous. 

He mentioned cervical-sympathetic stimulation. 
We have tried many times to demonstrate this 
effect in vivo; and we find that upon stimulation of 
the cervical sympathetics, there are changes in ten- 
sion on the transducer: however, these movements 
cannot be separated from extraocular muscle move- 
ments and vascular changes. 

I did not mention the meridional movement. We 
feel that this is a participation of von Bruecke’'s 
muscle in effecting near accommodation, that this 
movement tends to relax or slacken the forward- 
directed zonular fibers. 

We are very much aware of the excellent work 
of Dr. Sachs. We feel that we in no way stand 
in contradiction to this work, and that we have 
merely added another direction of recording. 


SPONTANEOUS AND RADIATION-INDUCED IRIS ATROPHY IN MICE* 
W. H. Benepicr, M.D., K. W. Curistenserry, M.D., ann A. C. Upton, M.D. 


Knoxville, Tennessee 


Iris atrophy was noted in LAF, mice ex- 
posed to ionizing radiations from an experi- 
mental nuclear detonation during observa- 
tion of the animals for cataract development 
(Furth et al., 1954). The following is a pre- 
liminary report of the clinical and morpho- 
logic features of this disease. 


MeTHODsS 


Male and female mice of the LAF, strain 
( first-generation hybrid of C,, LL 2 XA @ ) 
exposed to acute whole-body radiation at 
six to 12 weeks of age were examined peri 
odically throughout life with a Zeiss Opton 
slitlamp, at a magnification of 16 times or 
greater. The animals under observation num- 
bered more than a thousand and were 
grouped as follows: (1) Nonirradiated 
mice; (2) mice of the same strain exposed 
to 25-500 r of X rays; and (3) several sub- 
groups exposed to various graded doses of 
ionizing radiations from an experimental 
nuclear detonation ( Furth, et al., 1954). The 
eyes of the animals were examined, with the 
pupil undilated, and the condition of the irts 
was recorded for each mouse, according to 
the grading system described hereafter. 


CLINICAL AND HISTOLOGIC APPEARANCE 
OF THE IRIS 


The normal iris (grade 0) of the LAP, 
mouse is shown in Figure 1. The anterior 
surface appeared smooth, resembling velvet. 
In most instances small floccules were seen 
at the pupillary margin. The earliest degree 
of atrophy (grade 1) manifested itself as a 
faint, linear, radial streaking of the iris (fig. 
2); the streaks were black, distinct from the 
brown color of the normal iris. There was 
also a slight roughening of the anterior iris 


*From the Biology Division, Oak Ridge Na- 
tional Laboratory, Oak Ridge, Tennessee. This 
work was performed under USAEC Contract No. 
W -7405-eng.-26. 
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Fig. 1 (Benedict, Christenberry, and Upton). A 
sketch of the normal iris of the LAF, mouse, ex- 
hibiting small floccules at the pupillary margin, 


stroma, with disappearance of the pupillary 
floccules, The radial ridges around the pupil 
were accentuated, and the pigment gathered 


Fig. 2 (Benedict, Christenberry, and Upton). A 
drawing of an iris manifesting grade-1 atrophy. 
Pupillary floccules are no longer present, and there 
is accentuation of the radial ridges around the 
pupils. 


Fig. 3 (Benedict, Christenberry, and Upton). A 
sketch of an iris with grade-2 atrophy, exhibiting 
numerous small holes. 


into granular masses on the iris surface. by 
retroillumination, the iris had a lacy, mottled 
appearance which helped considerably in 
grading the early changes, and it usually con- 
tained a small perforation. 

Eyes that showed more than one hole were 
placed in grade 2 (fig. 3); at this stage the 
anterior surface of the iris appeared rougher 


Fig. 4 ( Benedict, Christenberry, and Upton). An 
iris with grade-2 atrophy, as photographed through 
the slitlamp, manifesting lacy perforations in the 
midperiphery. 
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Fig. 5 (Benedict, Christenberry, and Upton). An 
iris, a8 photographed through the slitlamp, with 
grade-3 atrophy, exhibiting loss of one-half to 
three-fourths of its stroma. 


than in grade 1. In addition, there was some 
loss of the anterior stroma, without much 
involvement of the underlying neuroepi- 
thelial layer. The lacy network noted with 
grade 1 involvement was more marked (fig. 
4), and the perforations were often numer- 
ous and relatively large, owing to coalescence 


Fic. 6 (Benedict, Christenberry, and Upton). A 
drawing of an iris with grade-3 atrophy, showing 
single strands of iris adherent to the anterior lens 
surface. 
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Fig. 7 (Benedict, Christenberry, and Upton). A 
sketch of an iris with grade-4 atrophy, exhibiting 
loss of virtually all of its stroma. 


of two or more holes. The midperiphery 
of the iris was the region most commonly 
involved, the zone around the sphincter re- 
maining relatively intact. In advanced stages 
of grade 2 involvement there were clumps 
of pigment in the chamber angle, filling the 
space between the cornea and peripheral 
iris, 


| 

Fig. 8 (Benedict, Christenberry and Upton). An 
iris, as photographed through the slitlamp, show- 
ing grade-4 atrophy; only a few flecks of isolated 
iris tissue remain. 
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Fig. 9 (Benedict, Christenberry, and Upton). A 
histologic section of a normal iris, exhibiting the 
anterior and posterior layers; the blood vessels of 
the former are clearly defined. (Hematoxylin- 
eosin, « 400.) 


In grade 3 the iris showed loss of one-half 
to three-fourths of its (fig. 5). 
Clumping of pigment in the anterior cham- 
ber angle was more obvious, There were 
usually single strands of iris tissue running 


stroma 


Fig. 10 (Benedict, Christenberry and Upton). A 
section of an eye with an atrophic iris which ex- 
hibits marked hypertrophy of the sphincter pupillae 
(Hematoxylin-eosin, « 25.) 
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Fig. 11 (Benedict, Christenberry, and Upton). A 
section of a normal eye, showing the sphincter 
pupillae of normal size. (Hematoxylin-eosin, x 25.) 


radially across the anterior lens surface (fig. 
6), and the iris appeared adherent to the 
lens capsule. The pupil was usually small, 
with pigment cells clumped about it, giving 
the sphincter a hypertrophic appearance. 

In grade 4 there was absence of nearly all 
of the iris (fig. 7) ; the stump of the iris was 
seen deep in the chamber angle, and a few 
flecks of isolated pigment cells were some- 
times seen on the anterior lens surface (fig. 


Fig. 12 (Benedict, Christenberry and Upton). A 
section of an atrophic iris exhibiting a loss of 
stroma and vessels and slight enlargement of the 
chromatophores. (Hematoxylin-eosin, x 400.) 


Fig. 13 (Benedict, Christenberry, and Upton). A 
section of an eye with grade-3 iris atrophy; there 
is marked discontinuity of the iris because of loss 
of stroma. (Hematoxylin-eosin, x 25.) 


8). The chamber angle was completely oc- 
cluded in some eyes, while in others syn- 
echiae were no more numerous than in 
grade-2 atrophy. The sphincter pupillae was 
largely gone; any remnants of it, however, 
were not much displaced. 

None of the eyes exhibited signs of iritis; 
an aqueous ray was not present, and keratitic 
precipitates were not seen. In the eyes with 
grade-4 atrophy, residual anterior chamber 
hemorrhages were sometimes observed. In 
these eyes, the chamber was extremely deep 
and the cornea diffusely hazy. The etiology 
of the hemorrhage was obscure; the blood 
vessels of the iris could not be seen with the 
slitlamp in these eyes, probably because of 
their heavy pigmentation. 

Histologically, the significant observed 
changes were limited to the iris, the anterior 
chamber angle, the ciliary body, and, to a 
lesser extent, the choroid. The iris in the 
normal mouse is a tissue with two distinct 
layers, neuroepithelial and mesenchymal, 
blood vessels being numerous and easily seen 
in the latter, even in unbleached specimens 
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Fig. 14 (Benedict, Christenberry, and Upton). A 
section of an eye with grade-4 iris atrophy; the 
loss of iris tissue is even more marked than that 
shown in the preceding figure. ( Hematoxylin-eosin, 
25.) 


(fig. 9) ; however, in early essential atrophy 
there was disorganization of the iris, with 
loss of some of the mesodermal tissue. The 
sphincter pupillae muscle was hypertrophic 
(fig. 10) and often reached several times its 
normal size (fig. 11). 

The cells in the neuroepithelial layer be- 
came larger and rounder ; concurrently, their 
pigment became more conspicuous, as an ac- 
cumulation of many tiny, round granules 
(fig. 12). Some such cells appeared to have 
ruptured, dispersing their pigment granules. 
In the more advanced stages, the cells seemed 
to be separated from one another; the iris 
became one cell layer in thickness, and its 
vascular network disappeared (fig. 12). 

Histologically, in grade 3 atrophy (fig. 13) 
the iris revealed the large gaps seen clini- 
cally, and in grade 4 (fig. 14) the discon- 
tinuity of the iris was even more marked. In 
the anterior chamber angle, free, large cells 
containing pigment granules were observed, 
located chiefly between the iris root and the 
trabeculum (fig. 15); Schlemm’s canal was 
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Fig. 15 ( Benedict, Christenberry, and Upton). A 
section demonstrating hypertrophy of the ciliary 
body and processes, with accumulation of free 
chromatophores in the angle of the anterior cham- 
ber. (Hematoxylin-eosin, « 150.) 


identified in most of the sections, and pig- 
ment cells or pigment granules were not ob- 
served in it. At no time was the chamber 
angle occluded by fibrosis. 

The ciliary body and ciliary processes 
were somewhat hypertrophic in the most ad- 
vanced cases. The choroid, in the eyes of 
mice with marked iris atrophy, also took 
part in the pigment disturbance (fig. 16). 
The large cells containing pigment granules 
in the choroid were indistinguishable from 
those in the iris; however, since the choroid 


Fig. 16 (Benedict, Christenberry, and Upton). A 
section of the choroid in an eye with grade-4 iris 
atrophy. The chromatophores exhibit enlargement, 
and there is dispersion of pigment granules. 
(Hematoxylin-eosin, « 400.) 
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TABLE 1 


[RIS ATROPHY IN RELATION TO DOSE OF 
X-RADIATION 


Total No. Severity of Iris Atrophy 
Examined f No. of Mice 

500 14 I 13 
400 18 4 14 
300 16 6 10 
200 18 10 8 
100 20 10 10 
50 ae 12 5 
25 18 16 2 
0 21 14 7 


*230-kvp X rays, 15 ma; TSD, 100 cm; filter, 
1 mm of Cu plus 1 mm of Al; HVL, 1.93 mm of Cu; 
dose rate in air, 14 r/min. 

t The mice were irradiated at 6-9 weeks of age and 
were 22-23 months old at the time of the above anal- 
ysis. The nonirradiated controls were obtained from 
the same colony as the irradiated mice (U.S. Naval 
Radiological Defense Laboratory) but received later; 
however, in the above analysis all mice were matc 


with respect to age. 


was compressed between the sclera and 
retina, the individual cells were not so clearly 
seen as in the iris. 

None of the sections exhibited inflamma- 
tory cells or signs of previous inflammation. 


RELATION OF IRIS ATROPHY TO 
IRRADIATION 


More than 1,000-normal and irradiated 
LAF, mice have been examined with the 
slitlamp ; all have shown iris atrophy on ag- 
ing, The involvement of the iris was bilateral 
and both sexes were affected similarly. Ani- 
mals exposed to ionizing radiation exhibited 
an earlier onset, more rapid progression, and 
a more advanced final degree of atrophy than 
nonirradiated controls, in proportion to the 
dose of radiation received (table 1); in 
aging controls the atrophy was first detecta- 
ble at about 17 months of age and progressed 
to grade-2 severity in senility (24 to 40 


months), whereas in heavily irradiated mice 
it appeared as early as the 14th month, often 
progressing to grade 3 or 4 before death. 


DISCUSSION 


Although this disease, which appears to 
be an hereditary trait of the LAF, mouse, 
is exaggerated by irradiation, it has not been 
observed in other irradiated animals, and its 
significance is uncertain. The pathogenesis 
of the iris atrophy is unknown. Similarly, 
it is not clear whether irradiation exacer- 
bates this condition by local damage or by 
systemic injury; it is conceivable that the 
mechanism is related to acceleration of the 
aging process, which is also proportional to 
the dose of radiation received (Upton and 
Furth, 1954). The blood vessels of the iris, 
which are net easily visualized through the 
slitlamp, are being studied by other methods 
to evaluate their role in the pathogenesis of 
this condition. 


SUMMARY 


Atrophy of the iris was observed to occur 
in all aging LAF, mice. 

The atrophy, which resembled in certain 
respects essential iris atrophy in the human 
eye, appeared sooner and progressed to 
greater severity in irradiated mice than in 
controls. 

The morphologic features of the disease 
are described. 

Shelbourne Towers. 
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DIsCUSSION 


Da Parker Heatu (Sullivan Harbor, Maine): 
Spontaneous atrophies of the iris, with hyperplastic 
ciliary body and choroidal changes of LAF, straim 
of mice, are advanced and augmented by exposure 
to ionizing radiation. The spontaneous and the ra- 
diation-induced lesions are equally interesting. The 
latter may be summarized, strictly from the pub- 
lished data of the author, as the reduction of 
longevity, graying, blood dyscrasias (ovarian, pitul- 
tary, harderian, mammarian-gland, and others), 
tumors, nephrosclerosis, and ocular lesions. 

The ocular lesions, briefly stated, are uveal 
atrophies and hyperplasias and cataracts. 

Histopathology, as found in the irises, includes 
disorganizations and losses of tissue, including the 
blood vessels and pupil-border floccules; hyper- 
plasias of sphincter muscle; enlarged, questionably 
proliferated chromatoblasts, and scattered pigment. 

The iris-corneal angles of the mice apparently 
were not altered much except during late and 
severe stages, when the anterior chambers were 

Ciliary bodies presented hypertrophy and pos- 
sibly hyperplasias during late stages. 

Our special interest, of course, is to transport 
or translate the mouse pathology to man. An attack 
on this problem may be made by considering differ- 
ences between the mouse disease and the human. 
The highly complicated, diverse, debatable, and 
interesting radiation effects apparently are aug- 
mented and sped up by what appears to be an 
abiotrophic process. Certainly, new factors are also 
introduced to the genetic disease. Therefore, be- 
cause of the radiation complexities, it is probably 
more profitable to attempt to consider the spon- 
taneous atrophies of mouse compared with those of 
man. These considerations are made strictly from 
the papers of Benedict et al., and are not the result 
of examination of specimens. 

A listing of some of the differences between 
mouse LAF, strain atrophies and man is as fol- 
lows : 

1. Clear-cut heredity in mouse, not true with 
man. 

2. Sex involvement about equal in mouse, quite 
unlike man, where the disease is heavily weighted 
toward the female side. 

3. Uniformity of locus; that is, the pupils are not 
markedly displaced. 

You noticed, in the essayists’ illustrations, the 
pupils were centrally placed, even in extreme de- 
grees of atrophy. In man, the pupillary space or 
ring migrates to one side almost always. 

4. Hyperplasias affecting sphincter, ciliary body, 
and choroid are quite unlike those changes in man 

5. Absence of or no emphasis on glaucoma is 
unusual in the mouse; whereas this disease is 
common in man. 


6. Absence of glass-membrane formations are 


common in man, 50 percent in our experience. 


7. Grayness (that is, joint depigmentation of coat 
and iris atrophy) is not characteristic of man but 1s 
of the mouse. 

8. Choroidal melanoblastic proliferations in the 
mouse are unknown to man in my experience. 

9. The time of appearance and the more regu- 
larity of this appearance are true with the mouse 
but not with man. 

No doubt, other differences could be elaborated, 
but those listed above supply some of the hurdles 
which the essayists, and so forth, all must surmount 
before the disease of mouse and man can be called 
one and the same. 

The crux of the problem is related to what takes 
place in the blood vessels of the iris and the ciliary 
body. After due regard to the morphology and dis- 
tribution of the mouse blood vessels, are mass oc- 
clusions demonstrable? Are these distributed by 
blood systems to zones of atrophy? 

The answers to these and many other questions 
will no doubt be supplied by future studies; we 
shall look forward to additional reports. At this 
time, the material presented by the authors is of 
great interest within many fields of medicine and 
also genetics. 

De F. Hucnes, Je (Chicago, 
nois): Dr. Benedict made one point, that the 
changes in the iris might possibly be on a systemic 
or a local basis. Dr. McDonald and I, in studying 
radiation cataracts and beta irradiation, found that 
such iris atrophy occurred with localized radiation 
applied to the limbus. The exact dosage required 
to produce that, | have forgotten temporarily. 

Da W. H. Benepicr (in closing): | wish to 
thank Dr. Heath and Dr. Hughes for their com- 
ments and discussion of the paper 

After listening to Dr. Falls the last two or three 
days, | began to wonder if maybe these animals 
do not resemble the animal counterpart of the 
Axenfeld syndrome because, later in the stage, they 
develop some corneal opacity. Whether this is due 
to injury when the mice run into each other or 
whether they develop it spontaneously is a little 
difficult to say at the present time 

I neglected to show, in my final table, what hap- 
pened to the controls. In the published version of 
this paper, there will be a much better, more 
elaborate chart, which you can use for comparison. 

These animal changes take approximately a year 
and a half to two years before they really begin 
to show something exciting and good to look at. 
Consequently, it will be another several years be- 
fore we have more detailed information as to 
pathogenesis. 

We have attempted to trace the genetics of these 
animals; but we have, at the present time, been 
able to get a sufficient number of only the A half 
of the parents; the other half of the parents do 
not breed very well. At the present time, there is 
nothing showing up in the A’s we have followed. 


a 


THE EFFECT OF BETA RADIATION ON CORNEAL HEALING* 


James E. McDonacp, M.D., anp Howarp C. Wicper, M.D. 
Chicago, Illinois 


The possible inhibition of healing of cor- 
neal wounds by beta radiation has been noted 
clinically in two patients who developed fil- 
tering blebs following cataract extraction,’ 
and in a few patients who had received beta 
radiation for corneal vascularization prior to 
corneal transplantation at the Illinois Eye 
and Ear Infirmary. Such delay in the heal- 
ing of wounds has been reported following 
irradiation in other parts of the body; for 
example, formation of spontaneous fistulas 
into the bladder which were difficult to close 
following radium treatment for carcinoma 
of the cervix,*:* difficulty of primary closure 
and danger of late breakdown of irradiated 
tissue following mastectomy,’ and the rela- 
tive difficulty of grafting skin in irradiated 
areas, Although there are some experimental 
reports suggesting that very small doses of 
radiation can stimulate healing of skin 
wounds in animals,** it is generally agreed 
that larger doses such as 1,000 r of X rays 
or 100 mg. hr. of radium will inhibit healing 
of skin incisions.*" 

The experimental work on corneal wound 
healing following exposure to Grenz rays,"* 
ultraviolet and X rays," and beta particles” 
has been limited to the effect on the healing 
of epithelial defects alone. With threshold 
doses, there is a temporary inhibition of 
mitosis followed by a rebound excess of 
mitotic figures. With larger doses, nuclear 
fragmentation of the corneal epithelium 
occurs. 

It is the purpose of the present study to 
determine the effects of beta radiation on the 
healing of wounds in the corneal stroma of 
rabbits. 


MATERIALS AND MeTHODs 


_The source of beta particles used in these 
experiments was the Strontium®-Yttrium™ 


*From the Department of Ophthalmology, Uni- 
versity of Illinois College of Medicine. 


applicator manufactured by Tracerlab. It 
had a physically calibrated output of 104 
rep./sec., and an active face of 5.0 mm. The 
dose required to produce a permanent cor- 
neal nebula was 25,000 rep. Mongrel, pig- 
mented rabbits were used, approximately 
two to three months of age and weighing 
from four to five lb. 

Experiment I determined the minimum 
and optimum dose necessary to inhibit cor- 
neal wound healing. After anesthesia with 
intravenous sodium phenobarbital and topi- 
cal pontocaine, one eye of each rabbit was 
irradiated in the center of the cornea with 
doses of 1,250, 2,500, 5,000, 10,000, and 
20,000 rep. (10 rabbits for each dose). Im- 
mediately afterward, a five-mm. incision 
penetrating into the anterior chamber was 
made in the center of the cornea with a cata- 
ract knife. Atropine and sulfacetamide oint- 
ment were then applied. An identical pro- 
cedure was done on the opposite eye of each 
rabbit except that no irradiation was given. — 
Slitlamp examinations, photographs, and 
histologic sections were made at regular 
intervals up to six months. 

In Experiment I1, 5,000 rep. were given 
at varying intervals prior to surgery, Four 
animals were used for each time interval; 
three days, one week, two weeks, one month, 
and three months lapsing between the radia- 
tion and the surgery. The opposite eyes of 
these animals were treated similarly without 
any radiation. Histologic sections were made 
two weeks after surgery on representative 
eyes. In addition, six eyes of three rabbits 
which had received a dose of 27,000 rep. 
about two years prior to surgery were fol- 
lowed similarly. 

Experiment III. In 10 rabbits of Experi- 
ment III, a five-mm. limbal incision without 
a flap was made into the anterior chamber in 
an area previously exposed to 5,000 rep. A 
similar incision was made in the opposite 
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Fig. LA (McDonald and Wilder). 5,000 rep. beta 
given just prior to surgery; one week postopera- 
tive. Note wound gaping and deficiency of wound 


plug. 


eyes of these animals without previous ra- 
diation, 


RESULTS Fig. 1B (McDonald and Wilder). Control eye. 


. Note solid plug between wound edges. 
EXPERIMENT | 


Irradiation immediately before an incision all doses except for the smallest dose of 
was made through the center of the cornea 1,250 rep. where the results were equivocal. 
resulted in a gross inhibition of healing in This gaping of the incision was manifest 


Fig. 2A (McDonald and Wilder). Same eye as 
in Figure 1A two weeks postoperative. The conm- Fig. 2B (McDonald and Wilder). Control eye 
tinued wound weakness is apparent. The eye is already well healed by dense tissue 
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Fig. 3A (McDonald and Wilder). Same eye as 
in Figure 1A one month after radiation and sur- 
gery. Thin gaping wound edges are seen. 


after one week and became more pronounced 
two weeks following surgery in all of the 
rabbits studied (figs. 1 to 4). In most cases 
after two weeks, the irradiated eyes showed 


a posterior dehiscence of the wound. The ir- 
radiated wounds contained a plug which 


Fig. 4A (McDonald and Wilder). 2,500 rep. beta 
given just prior to surgery; two weeks postopera- 
tive. Gaping and lack of dense plug are similar 
to Figure 2A, which had a larger dose. 


Fig. 3B (McDonald and Wilder). Control eye. The 
dense white scar tissue makes a firm wound. 


seemed less dense and in some cases ap- 
peared grossly porous as compared with the 
control. Corneal edema surrounded both the 
radiated and control lesions in the initial 
stages. The edema was greater in the ra- 
diated eyes in proportion to the dosage and 


. 4B (McDonald and Wilder). Control eye. 
Dense wound plug is seen. 
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Fig. 5A (McDonald and Wilder). 5,000 rep. beta 
just prior to surgery; six months postoperative. 
Edema surrounding the weakened wound edges has 
taken on the characteristics of scar tissue. 


tended to persist. In the late stages (three- to 
six-month reading) this edema took on the 
characteristics of a diffuse scar surrounding 
the beta-weakened wound (fig. 5). In a few 
cases the surrounding scar assumed the char- 
acteristic of a polycystic mass which was 
raised above the level of the cornea, and was 
associated with some vascular reaction (hg. 
6). 

Histology. The characteristic histologic 


Fig. 6A (McDonald and Wilder). 5,000 rep. beta 
just prior to surgery; three months postoperative. 
This is an unusual late hypertrophic response of 
wound. 
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Fig. 5B (McDonald and Wilder). Control eve. 
There is the normal tendency for scar to recede. 


picture of the radiated incisions seemed to 
be a lack of normal fibroblastic (kerato- 
blastic) proliferation. After two days, the 
epithelium had grown down into the bottom 
of the irradiated wound (fig. 7A), and no 
sign of clongated fibroblastic cells was visi- 
ble along the edges of the wound such as 
was seen in the control eye (fig. 7B). After 
one week the keratoblastic activity was pro- 
nounced in the control eye (fig. 8B), whereas 
in those eyes which were irradiated in all 
dosages, there was almost a total absence of 


Fig. 6B (McDonald and Wilder). Control eye 
Note the normal postoperative appearance. 
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Fig. 7A (McDonald and Wilder). 5,000 rep. 
just prior to surgery; two days postoperative. The 
lack of fibroblasts and thickening of the stroma due 
to edema seemed to be characteristic features of 
the radiated wound at this stage. The ingrowth 
of epithelium and the fibrin deficiency was not a 
constant feature. 


keratoblasts so that the wounds were only 
covered with an epithelial bridge (fig. 8A). 
This inhibition of keratoblasts continued 
into the second week (fig. 9A) and was also 
equally pronounced at the one month his- 
tologic sections (fig. 1OA). It is to be noted 


(McDonald 


and Wilder). 5,000 rep. 
just prior to surgery; one week postoperative. The 
marked lack of fibroblasts and edematous corneal 
stroma is to be noted. The fibrin response doesn’t 
seem to be affected. 


Fig. BA 


Fig. 7B (McDonald and Wilder). Control eye. 
Note the presence of fibroblasts at the wound edges 
in small numbers and less edema. 


ea 


that there was little effect on the prolifera- 
tive ability of the epithelium or endothelium 
(fig. 9A) in these experiments. In the ir- 
radiated eyes, a histologic confirmation of 
the slitlamp findings of edema surrounding 
the central incision was found, Very few in- 


Fig. 8B (McDonald and Wilder). Control eye. 
Note marked fibroblastic response giving a firm 
wound closure. 
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Fig. 9B (McDonald and Wilder). Control eye. 
This is the normal two-week appearance. 


Fig. 9A (McDonald and Wilder). 5,000 rep. 
just prior to surgery; two weeks postoperative. 
Fibroblastic inhibition and stromal thickening con- 
tinue. Epithelial inhibition was inconstant. 


* « * 


Fig. 0A (McDonald and 
Wilder). 5,000 rep. just prior to 
surgery; one month postoperative. 
Block of fibroblastic phase of heal- 
ing mechanism has resulted in a 
thin bridge over the wound. 


flammatory cells appeared, a picture which 
has been described previously as being char- 
acteristic of acute radiation burns of the 
cornea.*® 

The histologic appearance of the three- 
and six-month postoperative eyes gave a 
variable picture. A typical histologic finding 
at six months was the presence of some cor- 
neal thickening, an interruption of the hor- 
zontal lamellae at the wound site, relatively 
few cells and unsubstantial supporting tissue 
(fig. 11A). Another eye at six months had 
such a poorly healed wound that the edges 
Fig. 10B (McDonald and Wilder). Control eye. separated at the time of section (fig. 12A). 
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Fig. 11A (McDonald and Wilder). 5,000 rep. 
just prior to surgery; six months postoperative. 
Cornea is thickened and a few irregularly placed 
fibroblasts lie in the area of disrupted lamellar 
architecture. 


Section of one of the eyes with a polycystic 
elevated bleb three months postoperatively 
revealed thickening of the cornea and ir- 
regular accumulations of epithelium, fibrous 
tissue, inflammatory cells, and blood vessels 


(fig. 13A). 


EXPeriMent II 

An attempt to determine the effect of 
5,000 rep. of radiation applied at different 
intervals before surgery showed no clinical 


Fig. 12A (McDonald and Wilder). 5,000 rep. one 
month prior to surgery; six months postoperative. 
Stroma is irregular and sparse. Wound was so 
weak that it broke apart during the sectioning. 


Fig. 11B (McDonald and Wilder). Control eye. 
Regular lamellar pattern has resumed. 


difference between those eyes which were 
irradiated at the time of surgery as in 
(;sroup | and those eyes which had been ir- 
radiated as long as three months prior to 
surgery (figs. 14A and B), Both showed the 
same inhibition of wound healing as a result 
of radiation in contrast to the good healing 
of the controls. It is to be noted here that, 
with this dose of radiation, the corneas looked 
normal to slitlamp examination prior to sur- 
gery. The six eyes mentioned which had re- 
ceived a large dose (27,000 to 40,000 rep.) 
of beta radiation about two years prior to 
surgery also showed a dramatic inhibition of 
wound healing. These corneas prior to sur- 
gery were either grossly normal in appear- 
ance or had slight scarring from the previous 
large dose of radiation. 

Histology. The animals in Experiment II 
showed an inhibition of keratoblastic prolif- 


Fig. 12B (McDonald and Wilder). Control eye. 
Note regularity of lamellar pattern. 
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Fig. 13A (McDonald and Wilder). 5,000 rep. 
just prior to surgery; three months postoperative. 
Histology of unusual hypertropic response shown 
in Figure 6A. There is an irregular collection of 
blood vessels, chronic inflammatory cells, and fibro- 


| 


Fig. 144A (McDonald and Wilder). 5,000 rep. 
three months before surgery; one month postop- 
erative. Inhibition of healing is the same as if 
given just prior to surgery. This similarity between 
those radiated just prior to surgery and those 
radiated months before surgery was noted in all 


postoperative observations. 


Fig. 13B (McDonald and Wilder). Control eye. 


eration which could not be distinguished 
qualitatively or quantitatively from the his- 
tologic sections of those eyes radiated 

mediately prior to surgery. The same char- 
acteristic inhibition of keratoblastic activity 
as compared with the controls and the same 
acellular corneal edema surrounding the in- 
cision were present (figs. 14C and D), 


EXPERIMENT III 


Peripheral incisions were made about one 
mm. outside the limbus. Beta radiation pro- 
duced gross inhibition of wound healing af- 
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Fig. 144B (McDonald and Wilder). Control eye. 
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Fig. 14C (McDonald and Wilder). Histology of 
eye shown in Figure 14A. Note marked stromal 
thickening and fibroblastic inhibition. 


ter one week characterized by more pro- 
nounced gaping of the wound and a translu- 
cency of the tissue covering the uveal tissue. 
This was a constant finding in all of the 10 
rabbits studied. 

Histology. Section of these eyes confirmed 
the fibroblastic inhibition produced by beta 
radiation at the limbus, and a greater tend- 


Fig. 15A (McDonald and Wilder). 5,000 rep. 
just prior to surgery at limbus; two weeks post- 
operative. Paucity of fibroblasts was a constant 
finding in these cases; also there was a greater 
frequency of iris prolapse in the radiated group. 


‘ 


Fig. 14D (McDonald and Wilder). Histology of 
control eye. 


ency toward incarceration of the iris in the 
posterior defect (figs. ISA and B). 


COMMENT 


In these studies there was no evidence of 
any acceleration of wound healing which has 
been reported by some to follow small doses 
of X rays applied to the skin. It may be that 
the dosage range utilized in these experi- 
ments was too high to demonstrate this re- 
ported effect. 
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Fig. 15B (McDonald and Wilder). Control eye. 
Good fibroblastic healing is seen. 
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These results have obvious clinical im- 
plications since the doses used in these ex- 
periments are the same or less than doses of 
beta radiation commonly used for elimina- 
tion of corneal vascularization prior to cor- 
neal transplantation. We have some evidence 
for delayed healing of corneal transplants 
performed at the Illinois Eye and Ear In- 
firmary and the Research and Educational 
Hospitals in cases which have been irradi- 
ated preoperatively. 

In one case (I. A.), the area of the graft 
and the recipient bed seemed to melt away 
during the immediate postoperative course, 
giving a clinical appearance very similar to 
that which occurred in our rabbits. 

In another case (W. B.), a dehiscence of 
the wound developed between the graft and 
the recipient cornea in an area which had 
beta treatment preoperatively. To obviate 
this danger, we now avoid the use of beta 
radiation preoperatively, and use it postop- 
eratively only if cortisone is ineffective in 
preventing vascularization of the graft, and 
only after several weeks postoperatively 
when the wound has healed securely, 

Our experimental studies indicate that 
beta might be useful in promoting better 
filtration following glaucoma procedures by 


producing delay in healing of the limbal inet- 
sion. Except for the two spontaneous filter- 
ing blebs which developed following a cat- 
aract extraction in previously radiated eyes, 
we have no other clinical evidence for this 
suggestion. 

The finding was unexpected that beta ra- 
diation, given as long as three months to two 
years previously, still inhibited fibroblastic 
proliferation, in spite of no clinical evidence 
of corneal damage. It is unknown in what 
way such irradiated tissue is abnormal in 
its response to surgery and for how long. 


CONCLUSIONS 


1. Beta radiation, in doses commonly used 
clinically, delays healing of the corneal 
stroma in the rabbit following incisions 
through the central cornea or limbus. 

2. This interference with wound healing 
seems to be dependent primarily on an inhi- 
bition of fibroblastic proliferation, 

3. Radiation given as long as three months 
prior to surgery shows this effect to a sim- 
ilar degree as when given immediately be- 
fore surgery. 

4. The clinical implications of these find- 
ings are discussed. 

1853 West Polk Street. 
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DISCUSSION 


De Wisstam F, Hucnes, Ja. (Chicago, Iili- 
nos): It seems very unusual that, unlike epithelium 
(which recovers from the effects of radiation after 
several days, and in which cumulative effects do 
not occur, if the doses are spread out longer than 
two wecks), here we have, apparently, effects on 
the corneal stroma for as long as three months 
after the irradiation. Perhaps it is even longer, 
as we found out im clinical cases of transplanta- 
tions in which grafts do not seem to heal well, 
even though the beta radiation had been given many 
months before 

1 do not believe this is the entire solution for the 
filtering procedures which scar over. Beta radiation 
might be effective in preventing the scarring of 
the limbal incision; but, so far, it has not been 
demonstrated to prevent the adhesion of the con- 
junctiva and Tenon’s capsule to the underlying 
sclera, in other words, closing off the bleb itself. 

De. Dermick Vat. (Chicago, Illinois): May I 
ask a question? I am a fish out of water in all 
this experimental work; but I recall some studies 
made by von Sallmann, in working for the NRC, 
on the effect of cysteine in the prevention of some 


damage done to the lens. 


| should like to ask whether the essayists have 
conducted an experiment comparable to that using 
cysteine as a preventative of this very exciting find- 
ing ? 

Or, if they have not, would they consider such 
an addition ? 

De. James FE. McDonatp (Chicago, Illinois) 
We have used cyste ne in an experimental study 
to see if its protective effect could be demonstrated 
on radiation burns of the cornea. In a group of rab- 
bits some would be pretreated with subconjunctival 
cysteine and both the treated eyes and their un- 
treated controls would be subjected to a high dose 
of beta radiation. Those with subconjunctival 
cysteine showed burns less often and of less se- 
verity than the unprotected controls. Dr. von Sall- 
mann has done a great deal of work with cysteine. 
I believe that the measure of protection is such that 
in pretreatment with cysteine the effective dosage 
is reduced by about 35 or 40 percent. | do not 
know whether it has any practical significance as 
in the case of atomic attack in reducing the radia- 
tion deaths. I must emphasize that the protective 
effect of cysteine is only seen when the cysteine 
is given before radiation. 


VIRUS ISOLATIONS FROM PATIENTS WITH KERATOCONJUNCTIVITIS* 


Anw M. C. Fowre, Pa.D., ANNe Cocxeras, B.A., 
AND H. L. Ormspy, M.D. 


Toronto, Ontario 


Sanders and Alexander (1943) were the 
first to report the isolation of a strain of 
virus of epidemic keratoconjunctivitis. They 
used tissue cultures of minced embryonic- 
mouse-brain to adapt the virus to mice. In- 
terest in this virus was renewed when Ruch- 
man (1951) and Cheever (1951) showed the 
very close relationship of Sanders’ strain of 
virus of epidemic keratoconjunctivitis and 
that of St. Louis encephalitis. During the 
past few years Braley (Cockburn, 1954) 
found that Sanders’ strain was no longer 


*From the Departments of Ophthalmology and 
Bacteriology, Faculty of Medicine, University of 
Toronto. 


neutralized by sera from patients recovered 
from epidemic keratoconjunctivitis to the ex- 
tent it had been previously, Cockburn et al. 
(1953) found no neutralizing antibodies 
against either Sanders’ strain of epidemic 
keratoconjunctivitis virus or the virus of 
St. Louis encephalitis in sera from patients 
in two small epidemics in the mid-west. 
Ormsby and Fowle (1954) also failed to 
show any neutralization of the Sanders’ 
strain of virus with sera from convalescent 
patients from an epidemic in Windsor, On- 
tario, in which 549 persons developed the 
disease. 

Sezer (1953) reported the isolation of the 
virus of epidemic keratoconjunctivitis from 
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patients in Turkey. In this isolation the virus 
was propagated on the chorioallantoic mem- 
branes of hens’ eggs. Sezer was able to 
adapt the virus to the egg membrane by graft- 
ing human corneal tissue onto the chorioal- 
lantoic membrane for the first passage in 
eggs. Mice were subsequently infected with 
the ground membrane and developed symp- 
toms similar to those described by Sanders 
(1943). Japanese workers (Braley, 1953) 
have claimed eight other isolations of the 
virus of epidemic keratoconjunctivitis, But 
the relationship of their viruses to the etio- 
logic agent on this continent is still unknown. 
Cockburn (1954), in a comprehensive re- 
view of the present status of epidemic kera- 
toconjunctivitis, points out that “a satisfae- 
tory strain of the causal agent is not avail- 
able in this country” (p. 484). In the fol- 
lowing report three isolations of virus are 
described, from patients with keratocon- 
junctivitis, each with slightly different 
clinical manifestations of the disease. 


MaTERIALS AND METHODS 
TISSUE CULTURES 


Roller tubes of monkey-kidney epithelium 
were obtained from the Connaught Medical 
Research Laboratory, Toronto. The cells 
were maintained after inoculation in 1.0 ml. 
of synthetic medium No. 697 (or slight 
modification thereof*) containing penicillin 
(1,000 units per ml.) and streptomycin (500 
yg. per ml.). 

HeLa cells in roller tubes were supplied 
by Microbiological Associates, Bethesda, 
Maryland, and were maintained after in- 
oculation in 1.0 ml. of maintenance medium 
supplied and the above antibiotics. 

Human corneas (Fowle and Ormsby, 
1955) taken from cadavers at the time of 
autopsy were implanted in shallow plasma 
clots in Carrel flasks and covered with 
medium composed of 30 percent horse serum 
and five-percent chick embryo extract in 


* Supplied by Dr. A. Franklin, Connaught Medi- 
cal Research Laboratory, Toronto. 


Earle’s salt solution and containing the 
above antibiotics. 

Roller tubes of human-kidney epithelium 
were supplied by Dr. A. J. Beale of the 
Virus Laboratory of the Research Institute, 
Hospital for Sick Children, Toronto. 

For histologic examination, the cells were 
grown on the surface of a coverslip inserted 
in a roller tube. At appropriate intervals 
after inoculation of the cultures the cells 
were fixed in a solution composed of 94- 
percent methyl alcohol, five-percent for- 
malin, and one-percent acetic acid, and 
then stained with Harris’ hematoxylin (50 
percent) and eosin. 


TITRATIONS 


Titrations of virus pools were carried out 
in HeLa cell cultures by making serial 10- 
fold dilutions in gelatin-buffered saline. Four 
tubes containing 0.9 ml. medium were in- 
oculated with 0.1 ml. of each dilution. The 
CPDso was calculated using the method of 
Karber. 


NEUTRALIZATION TESTS 


Neutralization tests were carried out using 
a constant dilution of virus and varying 
amounts of serum, In these tests the virus 
suspensions were diluted to 10° (100 
CPD,.) in gelatin-buffered saline. Two-fold 
dilutions of serum were used. The virus- 
serum mixtures were incubated in a 37°C. 
water bath for 30 minutes, then 0.2 mil. ali 
quots of the mixtures were added to each of 
three or four Hela cell cultures containing 
0.8 ml. of medium. The end-point was taken 
48 hours after the virus controls showed a 
complete cytopathogenic effect. 


RESULTS 
ISOLATION 


Case | 


History. Patient I. A., a man aged 23 
years, gave a history of having been in a 
swimming-pool nine days previous to the 
onset of conjunctivitis in the right eye. The 
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initial symptoms were a foreign body sen- 
sation under the upper lid and marked tear- 
ing. There was moderate follicle formation 
in the lower fornix with a velvety pseudo- 
membrane extending over the palpebral 
conjunctiva of both upper and lower lids. The 
periauricular gland on the right side was pal- 
bable and somewhat tender. On the fifth day 
after onset, at the height of the conjunctival 
reaction, two small punctate staining areas 
were seen on the right cornea near the pupil- 
lary margin. There was diffuse stromal 
thickening deep to Bowman's membrane in 
these areas and the patient was conscious of 
a haziness of his vision, These opacities were 
not plaque-like and sharply circumscribed. 
The second eye became involved in a similar 
process on the fifth day but the course in 
this eye was mild and no corneal changes 
developed, Ten days after the onset of the 
disease, the symptoms had largely subsided. 
At no time was there any pharyngitis, mus- 
cle pain, or malaise, Laboratory studies re- 
vealed a heavy lymphocytic reaction in con- 
junctival scrapings without growth of bac- 
terial pathogens on blood agar. 


/solation technique 


On the third day after the onset of the 
disease tears were collected and washings 


were taken in 0.5 ml. of gelatin-buffered sa- 
line from the right eye of the patient. These 
were moculated immediately into roller tubes 
of monkey-kidney epithelium. Five days 
later the cells showed an extensive cytopath- 
ogenic effect (CPE) characterized by a 
rounding of 70 to 80 percent of the epithelial 
cells. The cells were scraped off the sides of 
the tubes into the fluid medium, then ground 
well in a Ten Broeck mortar, centrifuged, 
and the supernatant fluid used to inoculate 
new roller tubes of monkey-kidney epithe- 
lium. In this way a strain of the infectious 
a,ent was readily established. 

The infection of monkey-kidney epithe- 
lium in roller tubes followed a typical pat- 
tern. The peripheral cells always rounded 
first, two or three days after infection, then 
gradually more and more of the cells be- 
came involved until five or six days later all 
the cells were rounded. Clumps of such 
round cells were interspersed with clear 
areas (fig. 1). Some of these clumps or in- 
dividual cells became dislodged into the me- 
dium. Microscopically, the round cells were 
usually large, with a distinct cellular edge. 
The cytoplasm was quite granular, espe- 
cially around the nucleus, and in some cases 
the nucleus became obscured with granules. 

Preparations of monkey-kidney epithe- 


Fig. 1 (Fowle, Cockeram, and Ormsby). A tissue culture of monkey kidney epithelium (A) before and 
(B) four days after inoculation with the virus. Note the rounding and clumping of infected cells. (> 40, 


unstained. 
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lium stained with hematoxylin-eosin showed 
the following characteristics: 

The infected cells stained very heavily 
with hematoxylin and often the nucleus be- 
came indistinguishable owing to the heavy 
purple staining of the cytoplasm. The nu- 
clei of the infected cells showed a number 
of abnormalities (fig. 2). Most nuclei were 
swollen. In some there was a clear margin 
inside the nuclear membrane with the nu- 
clear material forming a basophilic inclusion 
bodylike structure in the center. In others 
the nuclear chromatin showed margination 
or fragmentation, and the membrane was 
often wrinkled or no longer distinguishable. 
The nucleoli were present in most cells, often 
with a halo around them, and were eosino- 
philic in character, There were no inclusions 


in the cytoplasm. 


Other susceptible tissues 


A few other tissues which were tested 
showed a cytopathogenic effect after inocu- 
lation with the agent. 

HeLa cells proved to be very susceptible, 
the incubation period being only 24 to 48 
hours compared with five to seven days for 
monkey-kidney epithelium inoculated with 


Fig. 2 (Fowle, Cockeram, and Ormsby). A tissue culture of monkey kidney epithelium (A) before and 
(B) four days after inoculation with the virus. Note the nuclear abnormalities. (259, hematoxylin and 
eosin. 


the same concentration of the agent. With 
higher dilutions, the incubation period in 
HeLa cells was extended as long as 14 days. 
The cytopathogenic effect in HeLa cells con- 
sisted of granulation and rounding of cells 
and a clumping together of masses of these 
rounded cells. Later, small and large masses 
of clumped cells floated off into the medium. 
This dislodging of cells was more marked 
in HeLa cells than in monkey-kidney epi- 
thelial cells. Another typical characteristic 
was the marked lowering of the pH of the 
medium in the infected tubes at the time of 
complete cytopathogenic effect, as compared 
with the controls. HeLa cells proved to be 
the most susceptible of the tissues investi- 
gated and were therefore used for titrations 
and neutralization tests. The titer (CP’Dye) 
in the supernatant fluid was stabilized at 
10° after six passages in HeLa cells, 
Human corneal epithelium was also sus- 
ceptible to infection with the agent, The first 
indication of infection was the appearance in 
24 hours of large holes in the previously 
intact sheet. Few or no round cells were 
obvious until the third day when the cells 
around the edges of the holes became 
rounded. By the fifth day most of the cells 
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in the sheet had rounded and formed small 
groups of rounded cells, and a few had be- 
come dislodged. 

Human-kidney epithelium was inocu- 
lated and proved to be susceptible but at the 
time of writing not enough work has been 
done to determine the susceptibility relative 
to other tissues. 


Tests for the exclusion of herpes-simplex 

virus 

To rule out the possibility that the herpes- 
simplex virus had been recovered, cultures 
of rabbit corneal epithelium were inoculated. 
The cells showed no evidence of the cyto- 
pathogenic changes described by Doane, 
Khodes, and Ormsby (1955) as characteris- 
tic of this virus. Further, the cornea of a 
rabbit was scarified and inoculated with the 
agent. No lesions were visible on the cornea 
upon examination with a slitlamp on the 
second to fifth days after inoculation, when 
stained with fluorescein, 


Inoculation of mice 


Tears and washings taken from the pa- 
tient’s eye on the third day of the disease 
were inoculated intracerebrally (0.03 ml.) 
into four mice weighing 12 to 14 gm. No 
symptoms of illness, or deaths, occurred dur- 
ing observation for a period of one week. 
Two brains were harvested and passed for 
five “blind” mouse passages but no illness 
or deaths occurred in any of the mice. 

On several occasions, adult mice (12 to 
14 gm.) were inoculated both intracerebrally 
(0.03 ml.) and intraperitoneally (0.1 ml.) 
with supernatant fluid from HeLa cell tissue 
cultures having a titer of 10°. Half the 
mice received a subcutaneous injection of 
5.0 mg. of cortisone acetate (Merck & Com- 
pany) prior to inoculation with the test ma- 
terial. In no instance did the mice show any 
symptoms of disease. 

Suckling mice were also inoculated with 
similar tissue culture fluid intracerebrally 
(0,03 ml.) but did not receive cortisone. No 


deaths occurred and no symptoms were 
recognizable. | 

In an the virus to mice, 
embryonic-mouse-bfain tissue cultures were 
inoculated using a technique similar to that 
described by Sanders and Alexander (1943). 
Two series were tried. In one, the virus was 
alternately passed from monkey-kidney 
epithelium to embryonic-mouse-brain and 
back again for four such passages. At each 
passage, the embryonic-mouse-brain cultures 
were ground and inoculated into adult mice 
intracerebrally. No detectable illness was ob- 
served in the inoculated mice after four pas- 
sages in tissue culture, In the other series, 
one set of culture flasks of chopped embry- 
onic-mouse-brain was inoculated and main- 
tained for three weeks. The tissue culture 
medium was changed twice a week and in- 
oculated into roller tubes of monkey-kidney 
epithelium to test for the presence of virus. 
After seven days, there was no detectable 
virus in the medium using this technique. 
However, 14 days after the original inocula- 
tion, virus was again present. At this time, 
and four and seven days later, the tissue 
from duplicate flasks was ground in a small 
amount of medium and inoculated into mice. 
No symptoms of illness or deaths occurred 
in any of the mice inoculated. 


Inoculation of eggs 


The chorioallantoic membranes of 10-day- 
old hens’ eggs were inoculated with 0.2 ml. 
of supernatant fluid from HeLa cell cul- 
tures having a titer of 10°. The membranes 
were harvested, ground, and passed to the 
chorioallantoic membranes of new eggs every 
three or four days, for four passages. No 
observable changes, such as pox, were visible 
macroscopically on the membranes. At each 
passage, fluid from the ground membranes 
was also inoculated into roller tubes of mon- 
key-kidney epithelium to test for the pres- 
ence of virus, but there was no observable 
cytopathogenic effect in the tissue cultures 
from any of the passages. 


Fig. 3 (Fowle, Cockeram, and Ormsby). A 
chorioallantoic membrane three days after inocula- 
tion, showing a large pox, 10 mm. in diameter. 
(Egg passage, No. 2.) 


When human cornea was implanted on the 
chorioallantoic membranes before inocula- 
tion, using the technique described by Sezer 
(1953), large pox (1.0 mm.) were visible 
on the chorioallantoic membranes at the 
second egg passage. Ground membrane 
was also inoculated into roller tubes of 
monkey-kidney epithelium at each passage. 
Even though no pox appeared on the 
membranes at the first egg passage, a cyto- 
pathogenic effect developed in the tissue 
cultures inoculated with the ground mem- 
branes. Monkey-kidney epithelial cultures 
inoculated with second passage material 
showed a complete cytopathogenic effect in 
three days. The serial egg passages were con- 
tinued for four passages with no difficulty. 
Although at each passage not all the mem- 
branes had the large pox, they did exhibit a 
definite cloudy appearance and were very 
thick. Inoculation of kidney roller tubes 
with ground membrane from each egg pas- 
sage resulted in a typical cytopathogenic ef- 
fect. 

Mice were inoculated with ground egg 
membrane from the second passage. Of 10 
mice injected with 0.03 ml. intracerebrally, 
one showed symptoms suggestive of middle 
ear infection in 24 hours. By 48 hours, the 
mouse had a hunched back and ruffled coat 
and was circling almost constantly. The 
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brain was harvested, ground, and passed to 
30 mice. Of these, three showed similar 
symptoms within 48 hours. On the third 
passage, however, no mice showed any typt- 
cal characteristics. 


Inoculation of human volunteer 


To determine whether the isolated agent 
would produce the characteristic symptoms 
of the disease, a human volunteer was in- 
oculated with the virus from tissue culture 
fluid. 

Case 2 


History. Tissue culture fluid from the 
fourth passage in monkey-kidney epithelium 
was inoculated into the lower fornix of the 
left eye of a human volunteer (H. O.), a 
man aged 43 years, with no previous history 
of keratoconjunctivitis, Five days and 12 
hours after this inoculation there was a 
rather sudden onset of a foreign-body sen- 
sation under the upper lid of this eye and 
profuse tearing commenced. On the follow- 
ing day the preauricular node was enlarged 
and tender and there was a pseudomembrane 
on the lower conjunctiva. Scrapings revealed 
a heavy lymphocytic response. No inclusion 
hodies were seen. No pathogenic organisms 
were recovered on culture, Five days and 12 
hours after the onset of the disease in the 
left eye, a similar process commenced in the 
right eye. At that time, slitlamp examination 
by a number of ophthalmologists revealed 
three diffuse fairly centrally placed sub 
epithelial opacities in the left eye and one 
in the right eye. There was some blurring of 
vision in the left eye which persisted for 
about 10 days. Two months later, one opac- 
ity is still evident in cach eye, but each is 
small, discrete, and off the visual axis. All 
symptoms of the disease had subsided by 
the 16th day. 

Re-isolation of the virus. On the first and 
second days of the eye infection, tears and 
washings were taken and tmoculated into 
roller tubes of monkey-kidney epithelium. 
Two days later, an early cytopathogenic ef- 
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fect was just visible in the cells at the 
edge of the sheet. The infection proceeded 
slowly, until five days later most of the 
cells were involved. On the third day of the 
eye infection, tears were inoculated into 
roller tubes of HeLa cells. Two days later 
all the cells had completely rounded in a 
typical cytopathogenic effect. The agent was 
propagated further in HeLa cells, since these 
cells were more susceptible than monkey- 
kidney epithelium, By the sixth passage it 
had a fixed titer of 10°, similar to that of 
the original isolation. 

Mice were inoculated intracerebrally with 
tears and washings taken on the second day, 
but showed no visible signs or symptoms of 
illness during observation for a period of 
one week, The brains were harvested and 
passed for five “blind” mouse passages, but 
no illness or deaths occurred in any of the 
mice. 


Neutralization tests 


Neutralization tests were carried out with 
both viruses using two-phase sera from 
the patient, I. A., and the human volunteer, 
H. O, Blood from patient I. A. was taken on 
the third day (acute phase serum) and the 
18th day (convalescent phase serum) of the 
disease, and from the volunteer, H. O., on 
the first (acute phase serum) and 12th day 
(convalescent phase serum) of the disease. 
Serum was also available from H. O., taken 
three months prior to infection. 

The results of the neutralization tests are 
presented in Table 1. The values given are 
the dilution of serum protecting HeLa cells 
against a cytopathogenic effect. The results 
indicate a rise in neutralizing antibody in 
both patients to the isolated viruses. 


TABLE 1 
RESULTS OF NEUTRALIZATION TESTS 
Patient Preinfectious Acute 
LA. less than 1/4 1/32, 
H.O. less than 1/2 less than 1/2 1/32 


SECOND ISOLATION 


Case 3 


History. Patient W. W., a man aged 26 
years, an intern in a local hospital, gave a 
history of having examined a child with a 
sore eye some days previous to the de- 
velopment of a sore right eye himself. Ex- 
amination three days after onset of symp- 
toms revealed a follicular conjunctivitis with 
profuse tearing and a slightly enlarged, 
tender preauricular node on that side. Cul- 
tures were negative from both eyes and se- 
cretion smears from the right one showed 
a heavy lymphocytic response. No epithelial 
inclusion bodies were found. When the pa- 
tient was re-examined on the sixth day, the 
left eye had also become infected. There was 
no staining with fluorescein at this time. Fine 
fibrinous pseudomembranes were present in 
both eyes. On the 12th day after the onset, 
there were about 12 early diffuse corneal 
opacities in the right eye and a number of 
these were associated with punctate epithe- 
lial erosions which stained with fluorescein. 
In the left cornea there were two similar le- 
sions. Vision was not impaired in either eye. 
Five months later, there were three resid- 
ual corneal opacities in the right eye. These 
were off the visual axis and vision was not 
impaired. There was no staining of either 
cornea at this time. This patient had no 
systemic reaction at any time, such as 
pharyngitis, muscle pain, or fever. 


lsolation technique 


Tears and washings were taken in 0.5 ml. 
of synthetic medium No. 697 on the fifth 
day of infection, frozen, and stored at 
~ 25°C. for five months. The material was 
then thawed and inoculated into roller tubes 
of HeLa cells in 0.1 ml. aliquots. Six days 
later a cytopathogenic effect was just visible 
and this progressed until all the cells were 
involved 10 days after inoculation. Thus far 
this agent has only been passed in HeLa cells 
and has not yet been characterized. 
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THIRD ISOLATION 


Case 4 


History. Patient A. B., a man aged 64 
years, gave a history of having had a pharyn- 
gitis about five days prior to the onset of a 
severe conjunctivitis. The onset of the con- 
junctivitis was accompanied by a foreign 
body sensation in the left eye. The patient 
was first seen on the third day after onset, 
and at this time the ocular symptoms were 
tearing, follicular conjunctivitis, and a 
marked enlargement and tenderness of the 
preauricular node on the left side. The pa- 
tient had been using aureomycin ointment 
for three days, so that cultures were not 
taken. By the seventh day, the right eye was 
involved. Examination now showed very 
slight punctate staining with fluorescein 
around the central region of the left cornea, 
but there were no corneal opacities. On the 
12th day, the patient was re-examined and 
punctate staining with fluorescein was now 
present in the right cornea, and a number of 
early opacities were seen in the left cornea. 
On the 18th day there were a large number 
of opacities (approximately 15) in both 
eyes which were now becoming more sharply 
circumscribed and were deeper in the left 
cornea than in the right. There were a few 
punctate staining areas still present in the 
left cornea but the right cornea had many 
present. It was characteristic of many of 
these staining areas that the opacities were 
seen to form directly beneath them and, 
with time, the opacities became more opaque 
and deeply placed. Vision was impaired in 
both eyes. 


Isolation technique 


Tears and washings were taken in 0.3 ml. 
of gelatin-buffered saline on the third day 
of infection and frozen and stored at 
—25°C. for eight days. After thawing, the 
tears were inoculated into roller tubes of 
HeLa cells in 0.1 ml. amounts. Three days 
later a cytopathogenic effect was obvious in 
the tubes and by the seventh day all the cells 


were affected. Thus far, this agent has only 
been passed in HeLa cells and has not yet 
been characterized in tissue culture so that 
it can be compared with the other isolated 
agents. 

DIscussioN 


Most of the characteristics of the virus 
from the first isolation are similar to those 
described by Rowe, Huebner, et al. (1953) 
for the adenoidal-pharyngeal-conjunctival 
(APC) group of viruses. Therefore, the 
three agents were typed immunologically by 
Dr. Huebner and Dr. Rowe, who reported 
that all three strains of virus fitted the Type 
3 APC group of viruses, This is in contrast 
to the strain recently isolated by Jawetz and 
Thygeson (personal communication) from a 
patient from the orient, which according to 
Dr. Huebner is of another type immuno- 
logically. Clearly, more isolations need to be 
made both on this continent and abroad. The 
isolated viruses must be critically character- 
ized and the symptoms of the patients closely 
observed, before the relationship can _ be 
clarified of the keratoconjunctival virus in- 
fections and the adenoidal-pharyngeal-con- 
junctival ones. 

The difficulty encountered in infecting 
mice with these agents is in direct contrast 
to the findings of both Sanders (1943) and 
Sezer (1953). This discrepancy may be due 
to the present mild, nonepidemic nature of 
the disease and, therefore, either a modified 
strain of the virus or some other virus may 
be the causative agent in this area. None 
of the APC group of viruses has yet been 
found to be infectious for mice or other 
laboratory animals (Rowe et al., 1953, and 
Huebner, personal communication, 1955). 


SUM MARY 
1. A virus was isolated in tissue culture 
by inoculation of roller tubes of monkey- 
kidney epithelial cells or HeLa cells with 
tears and eye washings from the infected 
eyes of three patients with keratoconjuncti- 
vitis. 
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2. The virus from one patient was inves- 
tigated more fully than the others, with the 
following results : 

The virus produced a distinctive cyte- 
pathogenic effect in monkey-kidney epithe- 
lial cells, Hela cells, human-corneal epithelial 
cells, and human-kidney epithelial cells. 

The virus was adapted to the chorioallan- 
toric membrane of the hen’s egg by grafting 
onto it human corneal tissue. 

It was not possible to fix the virus in 
mice, but a transient illness did occur in 
mice imoculated with infected ground egg 
membrane. 

The virus produced a mild, but character- 
istic, disease in a human volunteer and was 
re-isolated in tissue culture. 

There was a rise in neutralizing antibody 
in the serum of both the original patient and 
the human volunteer, as shown by neutral- 


ization tests using HeLa cell tissue cultures. 

The virus failed to produce pathologic 
changes on the cornea of a rabbit or in rab- 
bit-corneal epithelium growing in tissue cul- 
ture, 

3. The three isolated viruses were found 
immunologically to fit the Type 3 adenoidal- 
pharyngeal-conjunctiva group of viruses.* 

Banting Institute. 
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TISSUE CULTURE TECHNIOUES* 


IN THE STUDY OF HERPETIC INFECTIONS OF THE EYE 


Frances Doane, B.Sc., A. J. Ruopes, M.D., ann H. L. Ormsay, M.D. 
Toronto, Ontario 


Improvements in tissue culture techniques 
during the past few years have advanced 
the study of virus diseases by making avail- 
able more rapid diagnostic methods. Infee- 
tion of the cornea due to the viruses of 
herpes simplex, vaccinia, variola, and epi- 
demic keratoconjunctivitis still present difh- 
culties in diagnosis to the clinician, and it 
now seems possible, through tissue culture 
methods, to differentiate these diseases by 
the laboratory investigation of eye washings. 

This study was undertaken to develop a 
more sensitive test for the virus of herpes 
simplex, Parker and Nye’ in 1925, using 
hanging drop cultures of rabbit testis, were 
the first to grow the virus in tissue culture. 
At present the three tissues which appear to 
be most advantageous in the isolation of the 
herpes simplex virus are rabbit corneal epi- 
thelium,’ the human carcinoma strain HeLa,* 
and human kidney, The present paper re- 
ports our experience with these tissue culture 
systems in the study of herpetic infection. 


MATERIAL AND MetTHODS 
PREPARATION AND MAINTENANCE OF CUL- 
TURES 


a. Media. The following media were used 
in the preparation and maintenance of tissue 
cultures : 


1. Natural feeding mixture 


Hanks’ balanced salt solution ....... 3 parts 

Ox serum ultrafiltrate ............... 1 part 

meet Gutract ..... 2.5% 

2. HeLa propagation medium 

Hanks’ balanced salt solution .......... 60% 


*From the Departments of Ophthalmology and 
Paediatrics, University of Toronto, and The Re- 
search Institute, The Hospital for Sick Children, 
Toronto. Assisted with funds allocated by the Prov- 
ince of Ontario under the National Health Grant 
Programme of the Department of National Health 
and Welfare, Ottawa. 


Human serum .......... 

Chick embryo extract ...... 
5. Hela maintenance mediwm 

Hanks’ balanced salt solution ..... 87.5% 

Ox serum ultrafiltrate ............ .. 10% 

Horse serum ... 


4. Synthetic Medium No. 199,‘ with the addition 
of five-percent horse serum, was used in the 
preparation of human kidney cultures. Horse 
serum was omitted in human kidney mainte- 
nance medium. 

Penicillin and streptomycin were added to all 
media at a concentration of 250 units and 100 pe 
per mil., respectively. 


b. Tissue. Thin slices of epithelium were 
shaved from the corneas of freshly killed 
rabbits, and were chopped into fragments 
approximately one mm. in diameter. Three 
fragments were placed directly on the wall 
of a pyrex test tube which had been warmed 
at 37°C. for several hours. All tubes were 
then refrigerated at 4°C. for 30 minutes.’ A 
quantity of 1.5 ml. of “Natural Feeding 
Mixture” with five-percent horse serum was 
added, and the tubes were rotated in a roller 
drum at 37°C. By three days a good growth 
of epithelium was usually present around 
the fragments. At this time the medium was 
replaced by one ml, of “Natural Feeding 
Mixture” containing two and one-half-per- 
cent horse serum. 

HeLa cell cultures were prepared accord- 
ing to the method of Syverton, Scherer, and 
Elwood.* One-ml. quantities of HeLa cell 
suspension (approximately 2 by 10*/ml.) 
were dispensed in roller tubes, which were 
then placed horizontally in a stationary rack 
in a 37°C. incubator. By the fifth to seventh 
day a monolayer sheet of epithelium had 
grown out along the inner surface of the 
tube. The nutrient medium was changed, and 
the tubes were rotated at 37°C, When ready 
for use, cultures were washed thoroughly 
with three changes of Hanks’ balanced salt 
solution to remove traces of human serum, 
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and Hela maintenance medium was added. 

Human kidney cultures were prepared by 
a modification of the method of Dulbecco 
and Vogt’ from surgical or fresh post- 
mortem material, using Medium No. 199 
with five-percent horse serum. A monolayer 
sheet of epithelial cells formed in seven 
to 14 days. The medium was then changed 
and the tubes were rotated. 

Tissue cultures to be used for histologic 
examination were prepared on 11 by 40 mm. 
coverslips which were inserted in roller 
tubes. Three ml. of nutrient medium were 
added to coverslip preparations which were 
placed horizontally in a stationary rack at 
37°C. until ready for use. 


HISTOLOGIC EXAMINATION OF CULTURES 


Coverslip preparations were fixed for one 
to 24 hours in a solution of methyl alcohol 
(94 cc.), formalin (5.0 cc.), and acetic acid 
(1.0 ce.). Staining was by a 50-percent s- 
lution of Harris’ hematoxylin (10 to 20 
minutes) and a 0.5-percent alcoholic solution 
of eosin (30 to 60 minutes). Following a 
rapid dehydration in alcohols to xylol, the 
cultures were mounted in “Malinol” mount- 
ing medium (G. Grubler & Company, Mon- 
treal, Canada). 


VIRUS ISOLATIONS 


Specimens to be tested for herpes-simplex 
virus were taken in Hanks’ balanced salt 
solution, and consisted of washings and 
scrapings from the conjunctival sac of pa- 
tients with keratitis, mouth washings or 
swab rinsings from patients with stomatitis, 
and vesicle fluid from patients with herpetic- 
like skin lesions. Penicillin (500 units per 
ml) and streptomycin (200 yg. per ml.) 
were added, and the specimens were left 
for 30 minutes at room temperature. They 
were then inoculated into each of four rab- 
bit cornea cultures (0.25 ml. per tube), or 
stored at 40°C, until required. When pos- 
sible, HeLa cell and human kidney cultures 
were also used, Inoculated cultures were ro- 
tated in a roller drum at 37°C. and were 
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examined microscopically at frequent inter- 
vals, 

The herpes-simplex virus used was strain 
H51, which was isolated from a patient 
showing central corneal ulceration.” It has 
been maintained by intracerebral inoculation 
of adult mice. 


SERUM NEUTRALIZATION TESTS 


All sera were stored at —40°C, When 
ready to be tested, the thawed sera were 
inactivated at 56°C. for 30 minutes. Serum 
dilutions were prepared, and 0.5 ml. of each 
dilution was mixed with an equal volume of 
H51 virus suspension at a concentration of 
approximately 100 CPDso. After one hour 
at room temperature, 0.1 ml. of each serum- 
virus mixture was added to each of five 
roller-tube cultures containing 0.9 ml. of 
maintenance medium. Serum and virus con- 
trols were prepared in parallel. 


RESULTS 


CHANGES FOLLOWING INOCULATION WITH 
THE STOCK STRAIN OF HERPES-SIMPLEX 
VIRUS 


Rabbit cornea. Preparations examined in 
the wet state exhibited recognizable signs of 
infection 12 to 14 hours after inoculation 
with strain H51. After this time, infection 
was evident by the presence of focal areas of 
rounded, refractile cells. Large swollen cells, 
frequently separated from the intact portion 
of the sheet, were common in the later stages 
of infection. These cells consisted of a clear 
outer area which encircled several round, 
granular masses. By 30 hours the entire 
epithelial sheet consisted of round cells, some 
in clusters and others separate and swollen. 

Changes were detected several hours ear- 
lier in stained preparations of rabbit cornea. 
Coverslip cultures removed at six to eight 
hours showed one or two eosinophilic nu- 
clear inclusions surrounded by an unstained 
halo. Some infected nuclei showed margina- 
tion of the chromatin around the nuclear 
membrane, By the 10th hour many cells con- 
tained a nuclear inclusion with a somewhat 
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different appearance. These inclusions filled 
the entire nucleus and stained either purple 
or dull pink. In some instances chromatin 
was scattered over the surface of the inclu- 
sion. From about the 12th hour degenerative 
changes in the epithelial sheet appeared rap- 
idly, with the formation of clumps of deeply 
eosinophilic infected cells as well as numer- 
ous characteristic multinucleate cells. As in- 
fection proceeded, the remaining cells be- 
came increasingly pyknotic. 

HeLa cells. Living cultures of HeLa cells 
showed no changes until almost 24 hours 
after infection. Small round refractile cells 
appeared at this time, and by 60 hours the 
entire sheet was composed of these cells. 
Some swollen cells were present, but in very 
small numbers (fig. 1). 

Stained preparations of infected HeLa 
cultures showed changes at about 15 hours, 
these being several hours later than those 
first seen in rabbit cornea cultures which had 
been inoculated in parallel. Eosinophilic, 
type-A inclusions were found at this time, 
and by 30 hours the sheet was no longer in- 
tact, but consisted of continuous clumps of 
cells containing inclusion-filled nuclei, both 
with and without halos. An occasional swol- 
len cell could be found. 

Human kidney. Cultures in the wet state 
showed cytopathogenic changes within 30 to 
40 hours. These changes were similar to 
those seen in tissue cultures of rabbit cornea, 


Fig. 1 (Doane, Rhodes, 
and Ormsby). Tissue cul- 
tures of HeLa cells at 12 
days. (Left) Normal. 
(Right) Forty hours after 
infection with herpes sim- 
plex virus. Cells appear 
round and clumped. Note 
occasional swollen cell. 
(x 40.) 


- 


4 


the infected cells becoming rounded and oc- 
casionally swollen. 

Studies on stained preparations of im- 
fected human kidney were limited. Nuclear 
inclusions and giant cells typical of herpetic 
infection were common. 


APPLICATION TO THE DIAGNOSIS OF HER- 
PETIC INFECTION 


Although tissue cultures of rabbit cornea, 
human kidney, and HeLa cells appeared to 
be equally susceptible to strain H51, attempts 
to isolate a virus from collected specimens 
were carried out using rabbit cornea because 
of the short time elapsing before this tissue 
showed the typical cytopathogenic changes, 

In a survey of 20 cases of suspected her- 
petic infection it was found that specimens 
from 13 of these produced characteristic 
changes in tissue cultures of rabbit cornea 
which were identical to the cytopathogenic 
changes described above (fig. 2). Eleven of 
the 20 cases were tested in parallel on the 
scarified cornea of a rabbit. The results are 
given in Table 1. It will be seen that in no 
instance were signs of infection evident in 
the rabbit eye without a corresponding 
change in tissue culture. Of particular im 
portance is the fact that, in three cases, 
characteristic changes were seen in inocu 
lated cultures, but not in the corresponding 
inoculated rabbits. Furthermore, a positive 
response could be detected readily in most 
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Fig. 2 (Doane, Rhodes, and Ormsby). Tissue cul- 
ture of rabbit cornea 20 hours after inoculation with 
washings from a case of stomatitis. Note the giant 
cells containing clusters of nuclei with inclusions. 
( Hematoxylin-eosin, « 259.) 


unstained tissue cultures within 12 hours, 
and in stained preparations within eight 
hours, whereas a positive reaction in the 
rabbit eye was not visible for at least 30 to 
40 hours. A laboratory report, therefore, 
based on the findings in inoculated cultures 
was possible within about 12 hours after 
receipt of the specimen. A report based on 
the findings in inoculated rabbits was not 


TABLE 1 


LABORATORY FINDINGS IN CASES OF SUSPECTED 
HERPETIC INFECTION 


| | Presence of Changes 


haracteriatic of Herpes 
Clinical In Tissue 
Picture Number | Cultures of | O0, Rabbit 
Rabbit Cornea 
Cornea In Vivo 
Stomatitis | 2, 10,14 
12,13 + NT* 
7 on | 
Keratitis 19 | + | + 
16, 20 + 
9 + NT 
11, 15,17 
6, 8, 26 - NT 
Skin 
Lesions | 24, 27, 28 + | NIT 


NT tested. 


possible for seven to 10 days, due to the 
long histologic procedure required for the 
cornea in toto. 

Experiments were conducted to determine 
whether the agent isolated in the collected 
specimens was, in fact, the virus of herpes 
simplex. Tissue culture fluids from positive 
cultures were put through four successive 
passages, resulting in the appearance of char- 
acteristic changes at each stage. Positive 
fluids were also passed to rabbits and suck- 
ling mice, resulting in each case in a recog- 
nized herpetic response. Several of these 
fluids were tested against a serum prepared 
by intravenous inoculation of rabbits against 
strain H51. All fluids tested were neutral- 
ized by this immune serum. 


APPLICATION TO THE STUDY OF ANTIBODY 
RESPONSES 


The techniques described provide a rela- 
tively simple rapid method for the deter- 
mination of herpetic antibody in human 
serum. Acute and convalescent phase sera 
from a number of patients from whom 
herpes-simplex virus had been isolated were 
tested in tissue cultures against the H51 
strain. The neutralizing antibody level of 
these sera was demonstrated by their ability 
to neutralize the virus, thereby inhibiting the 
usual cytopathogenic changes seen in in- 
fected cultures, 


DISCUSSION 


While the techniques described above en- 
able the laboratory to investigate more fully 
the cytopathogenic changes which occur in 
herpes-infected tissues, and provide a rapid 
diagnostic method which is more sensitive 
than the standard method of rabbit cornea 
inoculation, there are problems which still 
remain to be solved in the laboratory diag- 
nosis of herpetic infections. 

It will be seen in Table 1 that specimens 
collected from patients with stomatitis or 
vesicular lesions of the skin showed herpes 
simplex virus in nine of 10 cases. Of the 
10 specimens collected from typical cases of 
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dendritic keratitis, virus was recovered only 
from five. It appears, therefore, that the 
present method may need further modifica- 
tion if we are to uncover the latent virus, or 
the virus which has been made inactive by 
local antibody or through some undetermined 
process. 
SUMMARY 

1. Tissue cultures of rabbit corneal epi- 
thelium, human carcinoma cells (strain 
HeLa), and human kidney have been used 
in the laboratory study of herpetic infection. 

2. Within a few hours after infection with 
the virus of herpes simplex, tissue cultures 
showed characteristic nuclear inclusions and 
giant cells. 

3. Tissue cultures of rabbit corneal epi- 
thelium were used in the laboratory diagno- 
sis of clinically typical herpetic infections. 

4. Herpes-simplex virus was isolated from 


nine of 10 specimens collected from patients 
with either stomatitis or skin lesions; 
whereas, virus was recovered from only five 
of 10 cases of keratitis. 

5. It appears that tissue cultures of rabbit 
corneal epithelium are more sensitive than 
the rabbit cornea in vivo for the isolation of 
herpes-simplex virus. 

6. Tissue culture techniques were found 
to be applicable to the study of neutralizing 
antibody response in patients with herpetic 
infection. 

555 University Avenue. 
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STUDIES OF IMMUNITY IN VACCINIA KERATITIS IN RABBITS* 


Joun S. Speakman, M.D., anp Hucn L. Ormssy, M.D. 
Toronto, Ontario 


Infections of the cornea due to the vi- 
ruses of herpes simplex, vaccinia, variola, 
and epidemic keratoconjunctivitis remain a 
serious problem in ocular diseases. Several 
investigators in the past have emphasized 
the importance of circulating antibodies in 
the development of corneal immunity to vi- 
rus infections, 

Sabin’ showed that vaccinia virus failed 
to multiply when added to normal testicular 
cells in tissue cultures which had been bathed 
previously in immune serum and subse- 
quently washed once with saline. He also 
found that virus elementary bodies neutral- 
ized with immune serum regained their in- 
fectivity after centrifugation and resuspen- 
sion in saline. From these observations he 
concluded that tissue cells were capable of 
picking up protective substances from im- 
mune serum which resulted in local tissue 
immunity. 

Camus* reported that intracorneal injec- 
tions of specific immune serum conferred 
corneal immunity to the vaccinia virus, Riv- 
ers, Haagen, and Muckenfuss’* demonstrated 
that vaccinia failed to infect corneal epithe- 
lium in tissue cultures which had been pre- 
viously incubated in immune serum, Rhodes 
and van Rooyen*® have stated that rabbits, 
hyperimmunized by intravenous injections 
of vaccinia, were completely protected 
against a subsequent corneal inoculation with 
the virus. 

The role of local tissue antibodies in the 
immune response to infection has been 
stressed by other workers, Hartley® injected 
vaccinia virus into specially prepared skin 
and found that antibodies developed at the 
site of inoculation in a high concentration, 
frequently before appearing in the general 
circulation. Thompson’ injected foreign pro- 


* From the Departments of Ophthalmology and 
Pacteriology, University of Toronto. 


tem into the cornea and later demonstrated 
the presence of a high concentration of anti- 
bodies in the excised cornea. These local 
antibodies persisted after their disappear- 
ance from the general circulation. Hall, Mac- 
Kneson, and Ormsby* investigated this prob- 
lem using herpes-simplex virus and con- 
cluded that serum antibody “played a small 
but important part in reducing the severity 
of herpetic keratitis,’’ whereas “local defense 
mechanisms play the major role.”’ 

Vaccinia is a very suitable virus for im- 
munologic studies because of its ability to 
stimulate antibody formation. It has been 
used in this investigation to evaluate the de- 
gree of corneal immunity produced by vari- 
ous immunizing procedures. 


MATERIALS AND Metuops 


Rabbits were used as experimental ani- 
mals and the course of corneal infection was 
followed by observation with a hand slit- 
lamp. The virus used for corneal vaccination 
was manufactured by The Connaught Labo- 
ratories for immunization against smallpox. 
The virus is sealed in equal quantities in 
fine glass tubes, thus ensuring a constant 
infective dose, Before vaccinia virus was 
placed on the cornea, local anesthesia was 
obtained with pontocaine and the epithelium 
was scratched with a needle, Virus used for 
intravenous injection was rabbit lapine, pre- 
pared from the crusts of three day-old vac- 
cinia lesions. Serologic immunity was meas- 
ured by the complement fixation reaction us- 
ing the method outlined by Craigie and 
Wishart.” 

In order to assess the effect of various im- 
munizing procedures, the primary take fol- 
lowing corneal vaccination has been divided 
into four stages (fig. 1). 

Stage I. Following scarification the defects 
in the corneal epithelium healed completely 
within 24 hours. After 48 hours numerous 
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Fig. 1 (Speakman and Ormsby). Primary corneal infection with vaccmma virus 
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tiny, discrete, punctate epithelial erosions 
appeared, which could only be seen in the 
early stages after the instillation of fluores- 
cein. 

Stage 11. The multiple corneal ulcers re- 
mained discrete for three or four days and 
then became confluent, so that at the height 
of stage Il frequently over half the corneal 
epithelium was denuded. As the ulcers pro- 
gressed the corneal stroma lost its trans- 
lucency and iris details were obliterated. 
The conjunctival vessels became congested, 
and there was marked swelling of the lids 
and profuse sticky secretion. 

Stage III. Corneal vascularization oc- 
curred at about the 10th day. As the new 
vessels progressed toward the center of the 
cornea, the general reaction of the eye sub- 
sided, the corneal ulcers healed, and stromal 
edema cleared from the periphery toward 
the center, 

Stage I[V. The healed cornea was char- 
acterized by varying degrees of vasculariza- 
tion and scarring. As this stage progressed, 
the vessels tended to become obliterated. At 
the end of several months many eyes were 
free of open corneal vessels, and only a few 
areas of speckled stromal scarring remained. 


PROCEDURE 
EXPERIMENT I 


E ffect of corneal vaccination on 
corneal immunity 


Fifteen rabbits were vaccinated in the 
right eye. At the end of one month the first 
group of five of these were revaccinated in 
both eyes, the second group at two months, 
and the third group at three months. 


Group 1: REVACCINATION AFTER ONE 


MONTH 


The right eyes of the first group of rab- 
bits showed little evidence of infection fol- 
lowing revaccination. In most cases there 
was a slight loss of corneal translucency 
which lasted for about 48 hours. This was 
associated with a transient dilatation of the 
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corneal vessels. In two of the five rabbits a 
mild stage I reaction developed but this did 
not progress. Thus there was a very high 
degree of protection upon reinoculation of a 
recently infected eye. 

Infection in all left eyes of this first group 
progressed from stage I to stage IIL. In each 
case there was considerable secretion and 
edema of the eyelids. In spite of this severe 
reaction, the intensity of the primary reac- 
tion was slightly modified since the extent 
and duration of the ulceration were reduced. 
When both eyes were examined three 
months after inoculation the amount of resid- 
ual scarring and vascularization in the two 
eyes was very similar for each rabbit. 


Group I]: REeEvVACCINATION AFTER TWO 


MONTHS 


All the right eyes of the second group 
of rabbits developed multiple corneal ero- 
sions and confluent ulcers. The persisting 
corneal vessels dilated rapidly, However, the 
ulcers healed more rapidly and were not as 
extensive as those seen following primary 
vaccination, These results suggested that 
after two months the residual immunity in 
the previously inoculated cornea was low. 

The left eyes of the second group of rab- 
bits all developed severe infections which 
could not be differentiated from a primary 
take. The residual scarring and vasculariza- 
tion in both eyes of each rabbit were com- 


parable. 


Group III: REVACCINATION AFTER THREE 
MONTHS 


The results in this group resembled those 
noted in the group reinfected at two months, 


SEROLOGY STUDIES 


In the initial phases of this experiment 
blood samples were taken at monthly inter- 
vals following vaccination. Subsequent test- 
ing showed that this interval was too great 
for accurately recording the fluctuations in 
antibody levels. Consequently a second group 
of three animals was vaccinated in the right 
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eye, and blood was removed more frequently 
for complement fixation determinations. 
Complement fixing antibodies first appeared 
in the serum about 10 days after infection 
and reached a peak in 15 to 20 days, with 
titers varying from 1:4 to 1:32. Ten days 
after reaching a maximum level the titers 
rapidly decreased to zero, subsequently ris- 
ing to lower levels than those at the peak. 
Revaccination of both eyes when the titers 
were maximal did not result in higher anti- 
body levels. However, revaccination one 
month after the peak was followed by a rapid 
rise in titer which lasted for 15 days (fig. 
2). 

At 20 days, when complement fixing anti- 
bodies were maximal, revaccination of both 
eyes produced a modified primary take in the 
left eyes, but in the right eyes a stage | 
reaction was seen in only one of three ani- 
mals, indicating a high degree of immunity. 

Revaccination of both eyes of these same 
animals at 57 days, when the serum comple- 
ment fixing antibodies were low, produced a 
transient dilatation of the corneal vessels 
and slight corneal edema. Since local corneal 
immunity at this particular stage did not 
parallel the serum antibody levels, it was 
necessary to consider the possibility that 
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some other factors were modifying the re- 
action. 


EXPERIMENT II 


Effect of corneal vascularization on 
corneal immunity 


Since vascularization invariably followed 
corneal vaccination, an attempt was made to 
assess the importance of this factor in the 
development of corneal immunity. Four rab- 
bits were vaccinated on the skin and at the 
same time 0.1 cc, of horse serum was in- 
jected into the cornea of each right eye. Two 
weeks later the dermal vaccination and the 
horse serum injections were repeated. A 
severe allergic keratitis developed which re- 
sulted in extensive vascularization of the 
right eyes. 

When the hypersensitivity reaction of the 
cornea had subsided at the end of a month, 
and the vessels had begun to atrophy, both 
eyes were inoculated with vaccinia. In the 
vascularized right eyes there was a rapid 
dilatation of the corneal vessels, but in spite 
of this a stage | reaction developed. Later 
small confluent ulcers were seen which did 
not involve large areas of the cornea and 
which consequently healed rapidly. The dif- 
fuse corneal edema also cleared quickly. 
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Fig. 2 (Speakman and Ormsby). Complement fixation titers following corneal vaccination. 
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In the left eyes a much more severe in- 
flammation developed. The primary ulcers of 
stage | were more numerous and spread 
more rapidly. The stage II reaction was 
much more severe than in the right eye, and 
stage III was still developing while reaction 
was clearing in the right eyes. One month 
after corneal vaccination when both eyes 
were compared, there was less scarring and 
vascularization in the right eyes. Thus vas- 
cularization of the corneas of the right eyes 
resulted in a reduction in the severity of the 
reaction, but did not protect the cornea from 
infection. 


EXPERIMENT III 


Effect of hyperimmunization on 
corneal immunity 


It was seen in experiment | that vaccina- 
tion of the normal cornea at the height of 
the immune response from a previous in- 
fection resulted in a slight modification in 
the reaction. An attempt was therefore made 
to stimulate additional circulating antibody 
to see if complete protection of the cornea 
could be obtained. Ten rabbits were skin 
vaccinated, and following the initial serologic 
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response were given repeated intravenous 
injections of living virus. It will be seen 
from Figure 3, which illustrates the response 
of two representative animals, that comple- 
ment fixing antibodies increased rapidly 
after intravenous virus injections. 

When the titers of two animals had 
reached 1:64 and 1:128 the right eyes were 
inoculated, and since both developed severe 
keratitis additional intravenous injections 
were given, The final titers obtained were 
all close to 1:256, and in one animal the 
titer reached 1 :512. 

In spite of these high levels of serum anti- 
body, stage I reactions were seen in all 
eyes 48 hours after corneal vaccination. By 
the fourth day the primary ulcers had be- 
come confluent, but they were much shal- 
lower than those seen in primary infections, 
and the edges were irregular. Stromal edema 
in this stage was also reduced. At the end 
of five days the ulcers were beginning to de- 
crease in size, and at the end of eight days 
several had healed completely. New corneal 
vessels developed in all these eyes but did 
not invade the corneas extensively. Hyper- 
immunization, therefore, did not result in 
complete corneal immunity but produced a 
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Fig. 3 (Speakman and Ormsby). Complement fixation titers following intravenous virus injection. 
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considerable modification of the primary in- 
fection. 


IV 


Effect of subconjunctival injections of 
vaccinia virus on corneal immunity 


Six rabbits were vaccinated on the skin 
and after an interval of eight and 11 days 
subconjunctival injections of Connaught vac- 
cimia virus were made in the right eye of 
each animal, Precautions were taken to 
avoid injury to the cornea. After each in- 
jection the conjunctival sac was irrigated 
with water to remove excess virus, and the 
eyes were carefully examined with the slit- 
lamp for evidence of infection. Three days 
after the last injection the corneas were vac- 
cinated, Blood was tested for complement 
fixing antibodies at regular intervals. 

The injections of virus produced mild con- 
gestion and edema of the conjunctiva which 
subsided in three or four days, One rabbit 
developed a corneal ulcer after the first in- 
jection, which was followed by vasculariza- 
tion and scarring. In the remaining five ani- 
mals the corneas remained clear. The com- 
plement fixation titers varied from 1:4 to 
1:32, the range one would expect to find 
following skin vaccination. 

Primary corneal ulcers developed in the 
right eyes of only three animals following 
corneal vaccination. The number of ulcers 
varied from two to four and they remained 
quite superficial, The left eyes on the other 
hand all developed multiple punctate lesions 
which progressed to stage II and stage III. 
The severity of the corneal infection was 
considerably reduced by the subconjunctival 
injections and in two animals complete pro- 
tection was obtained. 


DISCUSSION 


Although immune serum protects corneal 
epithelium grown in tissue culture from vac- 
cinia virus ( Rivers et al."), serum antibodies 
even in high concentrations did not confer 
this protection in vivo. Our inability to con- 
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firm the work of Rhodes and van Rooyen,** 
who reported complete corneal protection 
following hyperimmunization, may be due 
to differences in the technique of corneal 
inoculation. A marked reduction in the num- 
ber of stage I ulcers was seen in our ex- 
periments, in a group of hyperimmune ami- 
mals which were vaccinated without using 
local anesthetic. Furthermore, when only a 
few ulcers developed, they frequently healed 
completely in four or five days. Rhodes and 
van Rooyen*® used light general anesthesia 
and examined the eyes of three animals 
histologically on the sixth, seventh, and 10th 
days. It is possible, if only a few ulcers de- 
veloped, that healing occurred before the 
animals were killed, and infection was con- 
sequently overlooked. 

The high degree of corneal immunity re- 
sulting from a recent vaccinia keratitis is 
only partly explained by new vessel forma- 
tion. The work of Hartley* and Thompson’ 
suggests that local tissue antibody formation 
was an important factor in these experi- 
mental results. In support of this view was 
the finding of significantly increased levels 
of complement fixing antibodies in extracts 
of corneas removed after a recent vaccinia 
infection. Local tissue immunity persisted 
after serum antibody had fallen to low levels 
at the end of one month, but after two 
months local immunity also declined. Con- 
stant exposure of the cornea to the infective 
agent was necessary to maintain high levels 
of immunity. 

The development of a high degree of cor- 
neal immunity following subconjunctival in- 
jections of virus may be another manifesta- 
tion of the stimulation of local antibody 
formation. However, Nagano and Furano® 
produced corneal immunity by intracorneal 
injections of inactivated vaccinia virus, and 
they attributed this finding to the interfer- 
ence phenomenon, since the effect was ob- 
tained before the development of immune 
bodies would be expected. Henle’® has em- 
phasized the difficulty in differentiating the 
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interference phenomenon from a local im- 
mune response when immunologically re- 
lated viruses are employed. Therefore it 
seems unwise to draw definite conclusions 
regarding the exact mechanism by which 
immunity is acquired after subconjunctival 
injections of virus, 

If corneal immunity in man is similar to 
that of the rabbit, dermal vaccination alone 
is not likely to result in complete protection 
of the cornea against variola and vaccinia 
infections. Subconjunctival injections of vi- 
rus may be of practical importance in im- 
munizing corneas which are subject to re- 
current virus infections. 


CONCLUSIONS 


1. Serum antibody to vaccinia virus in the 
rabbit reached moderate levels after either 
skin or corneal inoculation, and these levels 
were sufficient to confer a slight degree of re- 
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sistance to a subsequent inoculation of the 
intact cornea. 

2. Hyperimmunization of rabbits by in- 
travenous injection of live vaccinia virus re- 
sulted in high serum antibody titers which 
produced a further modification of the cor- 
neal infection, but did not give complete pro- 
tection against the virus. 

3. The highest degree of corneal immunity 
was seen in eyes which had recently recov- 
ered from a vaccinial keratitis and in eyes 
which had received subconjunctival injec- 
tions of virus. 

4. Vascularization of the cornea following 
keratitis due to horse serum injections in 
creased the resistance of the eye to the vi- 
rus, but this was not as great as that follow- 
ing a previous corneal vaccination. 


Department of Ophthalmology, 
University of Toronto. 
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DiIscussION 


De. Atson E. Bratey (lowa City, lowa): I 
think these two papers* are too good to let go with- 
out making some comment, | think perhaps I will 
limit my remarks to asking a few questions of Miss 
Doane, if I may. 

First, she has demonstrated very well a method 


* See also “Tissue-culture techniques in the study 
of herpetic infections of the eye” (Frances W. 
Doane, A. J]. Rhodes, and H. L. Ormsby), page 189. 


of isolation of herpes virus which is far better than 
our methods. But herpes is a virus, as she has shown, 
which is quite easily isolated, even by the cruder 
methods we have always used; these new, finer 
techniques which are now available are much better, 
and show the virus very readily in the tissue cul- 
tures. 

I believe these particles represent colonies of the 
virus which she has quite well demonstrated in the 
nuclei of the cells, 


The failure of corneal inoculation, however, has 


always been very interesting to me. Recently, in 
attempting to do some other antibody studies, using 
rabbit cornea with herpes virus, we have found that 
a group of rabbits fed on antibiotic-containing rabbit 
food were almost nonsusceptible to inoculation with 
herpes virus. | wonder if she knew, or if she checked 
to see, if her rabbits had been fed on antibiotic food, 

The second paper, on vaccinia, represents a study 
in immunology which I have also been very much 
interested in and, I believe, represents very well the 
rapid fall of complement-fixing antibodies. The com- 
plement-fixing antibodies and the neutralizing anti- 
bodies of herpes and of vaccinia are most interest- 


ing. 

While I believe that, at the present time at least 
I may change it next week—the circulating or 
neutralizing antibodies represent or may have some 
part to play in the recurrent infections which can 
occur, the hyperimmune animal certainly had very 
high not only complement-fixing antibodies, but must 
have had high neutralizing antibodies. These animals 
took the infection as well on their corneas, 

As I told Dr. Speakman yesterday, Jenner knew 
that the cornea was not protected from vaccinia 
infection after skin inoculation; that the cornea 
would still take the vaccinia infection. 

The reason for this, of course, he did not know; 
and | am not certain of it even yet. Certainly, the 
part played by local immunity is most important; 
also, the local immunity, | think, may play a very 
important part in herpes as well as in vaccinia, so 
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that these studies done by Dr. Speakman are cer- 
tainly important so far as immunity in vaccinia and 
in herpes are concerned. 

Just one more point; that is that the failure of 
isolation of the virus from the cornea in cases of 
dendritic keratitis only represents the balance which 
is so often present between the local immunity and 
the amount of virus which is available for culture 
inoculation. What you are doing in many of these 
instances is collecting as much antibody (let us call 
it) of one type or another, local antibody, which 
immediately neutralizes the virus and therefore will 
not infect a tissue culture. That is one of the main 
reasons for failure in herpes infection, particularly 
when they begin to go into what I call the meta- 
herpetic phase, or the chronic type of herpetic infec- 
tion. 

It has been a real pleasure to listen to all of 
these papers; and I am simply delighted that some- 
one else is finally becoming interested in the most 
important phase of ocular infections, that of the 
virus diseases. 

Da. Frances W. Doane (in closing): As far as 
I know, Dr. Braley, all the rabbits have been fed 
normal rabbit-pellet diets, with no antibodies in 
their food. 

De. Brarcey: It is not easy to buy animal food 
now which does not contain antibiotics. You have 
to get them especially from a company which makes 
animal food that does not contain an antibiotic. 

De. Doane: I have to admit I do not know. 


STUDIES ON THE ETIOLOGY OF EPIDEMIC KERATOCONJUNCTIVITIS* 


E. Jawetz, M.D., S. J. Kimura, M.D., L. Hanna, M.A., V. R. Coceman, B.A., 
P. Tuycrson, M.D., ann A. Nicnoras, B.S. 
San Francisco, California 


Epidemic keratoconjunctivitis is an eye 
infection which has occurred in large out- 
breaks in Europe, the Far East, Hawaii, and 
on the Pacific Coast. The epidemics of 
1941-42 in the San Francisco area centered 
around shipyards in war time,’ but during 
the past decade the disease has recurred both 
sporadically and epidemically (outbreaks 
often originating in physicians’ offices.’ ) 

The most constant clinical features ap- 
pear to be the following: After an incuba- 


* From the Departments of Microbiology, Oph- 
thalmology, and The Francis I. Proctor Foundation 
for Research in Ophthalmology, University of Cali- 
fornia Medical Center. Supported in part by grants 
from The National Institutes of Health (B 604) 
and Burroughs, Wellcome and Company. 


tion period of seven to 10 days there de- 
velops an intense follicular conjunctivitis 
with marked conjunctival injection. Often 
a thin pseudomembrane is formed. The con- 
junctival involvement, occasionally uni- 
lateral, is accompanied by enlarged and 
tender preauricular lymph nodes. There is a 
scanty nonpurulent exudate, with abundant 
lacrimation. Five to 10 days after the onset 
of conjunctivitis, corneal lesions develop. 
These are characteristically small, round, 
subepithelial corneal opacities, generally 
without significant superficial ulceration, and 
without impairment of corneal sensitivity. 
The number and size of these corneal opac- 
ities vary, as does their interference with 
visual acuity. These opacities disappear 
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slowly in from a few weeks to two years. 

The etiology of epidemic keratoconjunc- 
tivitis has not been established. Bacteriologic 
studies have been negative uniformly.’ The 
viral agent described by Sanders in 1942° 
may have been lost or mislabeled. His pre- 
served “keratoconjunctivitis virus” is closely 
related to. or identical with, St. Louis en- 
cephalitis virus’ *® and appears to bear no 
relation to the present disease. Maumenee 
et al.* isolated another agent from a typical 
case which proved to be a herpes simplex 
virus. Preserved acute and convalescent sera 
from patients of the 1941 epidemic showed 
no rise in antibody titer against either of 
these viruses.’ Other claims for the isolation 
of etiologic agents of epidemic keratocon- 
junctivitis were reviewed by Cockburn’ but 
none has been confirmed. 

In view of the recent resurgence of epi- 
demic keratoconjunctivitis in several parts 
of the world* it was decided to restudy the 
entire problem of etiology in keratoconjunc- 
tivitis. The present report summarizes the 
initial results in our attempts to isolate 
viruses from the eye and in antibody studies 
in cases of epidemic keratoconjunctivitis 
and herpetic keratitis. 


MATERIALS AND MetTuops 
SPECIMENS 


Scrapings of conjunctiva and/or cornea 
were taken from the area of maximal in- 
volvement in patients with active conjuncti- 
vitis or keratitis. A sterile platinum spatula 
was used and the material suspended by 
vigorous agitation in HeLa maintenance 
medium (10-percent chick serum in medium 
199), bathing HeLa cell tissue cultures.* 
Previously these HeLa cultures had been 
washed twice with Hanks’ balanced salt 
solution. Part of each specimen was frozen 
and kept at —20°C. in HeLa maintenance 
medium until inoculated later into HeLa cell 


* Obtained from Tuskegee Institute, Alabama. 
* All tissue culture media were obtained from 
Microbiological Associates, Washington, D.C. 


cultures and onto chorioallantoic membranes 
of 11- to 12-day-old embryonated eggs. HeLa 
cell cultures were incubated at 30°C. for 22 
days, inspected daily by 20- to 100-fold mag- 
nification for cytopathogenic changes, and 
the maintenance medium was changed at in- 
tervals of four to six days. Chorioallantoic 
membranes (CAM) were harvested 48 to 
72 hours after inoculation, inspected for 
pocks, and if questionable lesions were ob- 
served the material was passed at least once. 
Herpes viruses isolated in tissue culture or 
on chorioallantoic membranes were submit- 
ted to neutralization tests with specific anti- 
serum prepared in rabbits. 


SEROLOGIC METHODS 


One group of sera, obtained in a 1951 
epidemic of epidemic keratoconjunctivitis 
in Windsor, Canada, was kindly made avail- 
able by Dr. A. Fowle and Dr. H. L. Ormsby. 
A second group of acute and convalescent 
sera collected in 1954 in Chicago was gen- 
erously provided by Dr. M. D. Pearlman. 
A third group of convalescent sera collected 
two years after a 1953 outbreak was pro- 
vided by Dr. Irving Leopold of Philadelphia. 
Sera from patients observed in this clinic 
were handled by a standard manner® and 
stored frozen at — 20°C. until used, 


NEUTRALIZATION TESTS 


Neutralization tests with herpes viruses 
in ovo were carried out by a method de- 
scribed earlier.” For neutralization tests im 
tissue culture equal parts of inactivated 
serum dilution and virus dilution were 
mixed, incubated for 45 minutes at room 
temperature, and 0.2 ml. of the mixture 
inoculated into each of two twice-washed 
HeLa cultures to which 0.8 mi. of main- 
tenance medium was then added. The tubes 
were incubated in stationary position at 
36°C. without change of medium and in- 
spected daily for cytopathogenic effects. 
Readings were taken for at least four days 
after complete degeneration of the control 
tubes (virus + normal rabbit serum) had 


taken place. Tubes were read blindly and cy- 
topathogenic changes were graded from 0 to 
+++ +. Agreement between tubes of the 
same group was good. The result was con- 
sidered definite neutralization only when 
there was a difference of + ++ in readings 
for more than two consecutive days. 
Neutralization tests with “Trim” virus 
met with considerable difficulties identical 
with those described by Rowe et al.”’ Dif- 
ferent batches of HeLa cells infected with 
the same virus pools showed marked varia- 
tions in incubation periods and degree of 
cytopathogenic effects. In certain tests even 
sera of known neutralizing capacity had very 
little effect ; conversely, normal rabbit serum 
delayed cytopathogenic effect for one or 
even two days. In view of the low titer of 
“Trim” virus, only undiluted or twofold to 
10fold diluted tissue culture fluid could be 
used as viral inoculum. Small variations in 
technique did not improve the results signifi- 
cantly. Consequently, it was necessary to in- 
clude positive and negative standard con- 
trol sera and virus titrations in each test. 
Many runs of neutralization tests had to be 
discarded, and only those tests in which all 
controls were satisfactory are reported. 


COMPLEMENT FIXATION TESTS 


An antigen of RI 67 virus (APC type 4) 
was generously made available by Col. T. 
Berge in the form of tissue culture fluid. 
This was stored at —20°C, until used. All 
sera were inactivated at 60°C, for 30 min- 
utes. Two units of antigen (tissye culture 
fluid dilution of 1:8) and two units of com- 
plement were employed with two full units 
of amboceptor and saline as diluent, with 
18-hour fixation at 4°C. The above RI 67 
antigen was not anticomplementary. An an- 
tigen from pooled fluids of HeLa cell cul- 
tures inoculated with “Trim” virus was used 
in a dilution of 1:4. This antigen was fre- 
quently anticomplementary and had to be 
heated at 56°C. for 30 minutes for satisfac- 


tory tests. 
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RESULTS 
VIRUS ISOLATIONS 
To date, attempts have been made to iso- 


late viruses from cornea and conjunctiva in 
66 individuals. Of these, 10 were “normals,” 
that is, persons who showed no evidence of 
external eye disease, and 11 others had some 
form of conjunctivitis or keratitis, but did 
not present a clinical picture suggesting 
either herpetic or epidemic keratoconjunc- 
tivitis. No cytopathogenic agent was isolated 
in HeLa cultures from any of these 21 per- 
sons, nor were transmissible lesions pro- 
duced on chorioallantoic membranes. Thirty- 
nine patients were given a clinical diagnosis 
of “herpes-simplex keratitis,” and from them 
eight strains of typical herpes-simplex virus 
were isolated. Strains of herpes simplex 
were also isolated from two of the patients 
with keratoconjunctivitis as described be- 
low. 

Five patients with definite and one with 
questionable epidemic keratoconjunctivitis 
were studied, Two of these had had the acute 
disease in 1953, and no virus isolations had 
been attempted then or during the present 
study. The antibody titer of their sera ob- 
tained 16 to 17 months after the acute ill- 
ness was 1:10 and 1:40 respectively. The 
remaining four patients in this group were 
observed to have active clinical eye disease. 

Patient “Trim,” a merchant seaman 
travelling between the Orient and San 
Francisco, was the first individual with acute 
epidemic keratoconjunctivitis seen during the 
present study. He had an intense conjuncti- 
vitis with pseudomembrane formation (fig. 
1) and enlarged preauricular nodes. The 
right eye was involved first and the left four 
days later. His subepithelial corneal infil- 
trates progressed to form the round lesions 
typical of epidemic keratoconjunctivitis 
(fig. 2). His illness developed while he 
was on board ship and he remembered no 
definite exposure. He was seen in our clinic 
on the 12th day after onset. Scrapings taken 
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Fig. 1 (Jawetz, et al.). “Trim,” L.E. Pseudo- 
membrane on lower tarsal conjunctiva—12th day of 
acute keratoconjunctivitis. 


from both conjunctivas yielded a cytopatho- 
genic agent in HeLa cultures on the 21st day 
of incubation, described below as “Trim” 
virus. 

The patient “Trim” was hospitalized and 
attended by the nurse “Cott.” Ten days after 
her first contact with patient “Trim,” “Cott” 
developed an acute conjunctivitis of the right 
eye, with markedly enlarged, tender preau- 
ricular nodes. The left eye remained entirely 
normal, but the right eye gradually de- 
veloped the unequivocal subepithelial round 
corneal infiltrates: of epidemic keratocon- 
junctivitis (fig. 3). Scrapings obtained from 
patient “Cott” on the sixth day of her illness 
yielded no virus in HeLa cultures, but from 


Fig. 2 (Jawetz, et al.). “Trim,” L.E. Subepithelial 
corneal infiltrates (artist's drawing) 99 days after 
onset. 


Fig. 3 (lJawetz, et al.). “Cott,” Clinical pho 
tograph of subepithelial corneal infiltrates six days 
after onset. 


scrapings obtained on the 14th day a typical 
herpes simplex virus was recovered. The 
patient “Cott” showed a marked antibody 
titer rise to virus “Trim” during the period 
of her illness, as indicated below. 

A second seaman had developed conjune- 
tivitis of one eye, which later spread to the 
other side about one month before his visit 
to the clinic. Scrapings from both eyes failed 
to yield any transmissible agent, although 
suggestive degenerative changes occurred in 
HeLa cultures. The patient refused to per- 
mit withdrawal of an early serum specimen. 
Later specimens contained antibodies to 
“Trim” virus. The illness of this individual 
is tentatively diagnosed as epidemic kera- 
toconjunctivitis, because of highly sugges- 
tive clinical findings. 

Patient “Rena,” a third merchant seaman, 
was seen in the clinic one week after onset 
of an intense conjunctivitis of the right eye, 
and a markedly enlarged, tender, right pre- 
auricular node. Scrapings yielded a typical 
herpes simplex virus in tissue culture and 
on chorioallantoic membranes. The left eye 
became involved three days later. The con 
junctival exudate was predominantly mono 
nuclear in character, but the patient failed 
to develop the typical corneal lesions of epi- 
demic keratoconjunctivitis. In the course of 
his illness he developed antibodies to “Trim” 
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Fig. 4a (Jawetz, et al.). Normal HeLa cell culture. 
Magnification, x 120. 


virus, as described below. His clinical diag- 
nosis remains uncertain. 


CHARACTERISTICS oF “Trim” 


In the HeLa cell culture inoculated with 
original specimen from patient “Trim,” the 
first cytopathogenic changes occurred on the 
17th day of incubation, and degeneration was 
virtually complete on the 22nd day. Subse- 
quent passages in HeLa cells degenerated in 
two to four days when undiluted tissue cul- 
ture fluid was used as inoculum. With dilu- 
tion, the incubation period was greatly in- 
creased so that with inocula of 0.1 ml. of 
10* HeLa tissue culture fluid the onset of 
cytopathogenic changes was delayed four to 
eight days. The TC50 never exceeded 10° 
dilution up to the present 12th passage. 
Neither early nor late passage had any in- 
fluence on the titer. Disintegration of cells 
by repeated freezing and thawing of partly 
or completely degenerated HeLa cell cultures 
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failed to increase the infection by titer, and 
perhaps slightly reduced it. 

The cytopathogenic effects in HeLa cells 
were similar to those described for RI or 
APC viruses."** Initially the cells at the pe- 
riphery of the cell sheet rounded up and fused 
into highly refractive clumps. Within the 
clumps the cells were granular and their out- 
lines were often lost (fig. 4a, b). The 
clumps tended to peel off the glass, and often 
large segments of the cell sheet became sepa- 
rated and floated in the medium. The pH of 
HeLa cell cultures (in 90-percent mixture 
199) usually remained near neutral, even 
upon prolonged incubation without change of 
medium, The acid reaction described for APC 
viruses™ in HeLa cultures was not observed. 

“Trim” virus was readily filterable 
through Seitz pads, without loss of titer, and 
was resistant to treatment with 30-percent 
diethyl ether for 18 hours at 4°C. It was not | 
pathogenic by any route, including intra- 


Fig. 4b (Jawetz, et al.). HeLa cell culture five 
days after inoculation with “Trim” virus, 10° dilu- 
tion, showing typical late cytopathogenic effects. 
Magnification x 120. 
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cerebral and corneal, for suckling or adult 
mice, guinea pigs, or rabbits. On the chorio- 
allantoic membrane of I1- to 12-day-old 
embryonated eggs questionable pocklike le- 
sions were seen upon inoculation of infected, 
but not of uninfected tissue culture fluids. 
These appeared to be passed on chorioal- 
lantoic membranes, but re-inoculation of 
such membranes into HeLa cultures failed 
to give cytopathogenic effects. Thus, proof 
is lacking that the observed lesions on chorio- 
allantoic membranes represent viral effects. 

“Trim” virus had no cytopathogenic effect 
on tissue cultures of the following cell lines: 
L. (mouse fibroblasts), pf 14 (rat fibro- 
blasts) (kindly made available by Dr. G. 
Gey), chick fibroblasts, and HeLa cells 
adapted to growth in horse serum (kindly 
made available by Dr. R. Caillaux). A hu- 
man cell line derived from an adenocarci- 
noma of the lung (kindly made available by 
Dr. A. W. Frisch) was as susceptible as 
HeLa cells grown in human serum. 

Pools of fluid from HeLa cell cultures in- 
fected with “Trim” virus were a satisfac- 
tory antigen for complement fixation tests, 
after heating at 56°C. for 30 minutes. This 
antigen fixed complement in the presence of 
sera containing antibodies to the APC group 
of viruses,” thus indicating that it contained 
the soluble group antigen. “Trim” virus was 
neutralized by pooled human gamma globu- 
lin, by a homologous antiserum prepared in 
rabbits, and by sera from patients with epi- 
demic keratoconjunctivitis as described be- 
low. It was not neutralized by rabbit anti- 
serum to herpes simplex, or to St. Louis 
encephalitis virus (kindly made available by 
Dr. E. L. Lennette), and by sera from pa- 
tients with herpetic keratitis. Dr. R. J. 
Huebner (National Institutes of Health) 
and Lt. Col. T. Berge (Sixth Army Area 
Medical Laboratory) kindly attempted to 
“type” the “Trim” virus. Using monotypic 
specific antisera against various APC types 
they were unable to obtain neutralization of 
“Trim” virus by any antiserum of types I, 
2, 3, 4, 5, 6, or 7. 
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The C-F group antigen clearly places the 
“Trim” virus into the group of APC- ARD- 
viruses and the virus has been classified as 
type 8 by Dr. Huebner. 

Specihe rabbit antiserum to “Trim” virus 
fails to neutralize APC type 3 recovered 
from cases of conjunctivitis. 


SEROLOGIC INVESTIGATIONS 


Neutralization tests performed with 10 
paired sera from patients with epidemic 
keratoconjunctivitis, including those from 
whom herpes-simplex viruses were recov- 
ered, revealed no rise in titer of neutralizing 
antibodies to herpes simplex. Thus it may be 
said that none of these patients could have 
had a primary infection with herpes virus 
coincidental with their epidemic keratocon- 
junctivitis. 

The survey of antibodies to the newly 
isolated “Trim” virus yielded the results 
summarized in Table 1. Neutralizing anti- 
bodies in a titer of 1:10 or more were found 
in four patients tested from the 1951 Wind- 
sor, Canada, epidemic; in one patient tested 
from Canada, 1954-55; in five patients seen 
in California with the typical disease between 
1953 and 1955; in nine patients from the 
outbreak in Chicago during 1954; and six 
patients from the outbreak in Philadelphia 
in 1953. Thus 25 individuals with typical 
epidemic keratoconjunctivitis in the period 
1951-1955 had neutralizing antibodies to the 
“Trim” virus in a serum dilution of 1:10. 
Nineteen of these 25 patients had such neu- 
tralizing antibodies in serum dilutions of 
1:20 or greater. In contrast, in a group of 
19 patients with herpetic keratoconjunctivitis 
(with isolation of herpes simplex virus from 
seven of them) neutralizing antibodies to 
“Trim” virus were found in only a single 
case ; neutralizing antibodies to “Trim” virus 
could be detected in only one of 10 patients 
with uveitis. 

This rather striking apparent relationship 
between “Trim” virus and epidemic kerato- 
conjunctivitis occurring in four distinct geo- 


graphic areas (Canada, Philadelphia, Pa- 
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TABLE 1 
Antipopies 10 “TRim” VIRUS AMONG PATIENTS WITH KERATOCONJUNCTIVITIS OR UVEITIS 
Definite 
bodies* n ection 
Pos. / Total 
A. Typical epidemic 
keratoconjunctivitis Canada 1951 4 4 
Canada 1954-55 
California 1953-55 5 5 25/25 
Chicago 1954 9 9 
j phia 1953 6 6 
B. Atypical 
keratoconjunctivitis Canada 1955 4 0 1/5 
Asia-Calif. 1954 
C, Herpetic 
keratoconjunctivitis California 1949-55 19 1/19 
D. Uveitis 1/10 


cific-California, Chicago) is emphasized by 
those cases from which acute and convales- 
cent serum specimens could be examined. 
As shown in Table 2, unequivocal rises in 
the titer of neutralizing antibodies occurred 
in the majority of instances. However, the 
peak titer in no case exceeded 1 :160, whereas 
in other systemic infections with APC vi- 
ruses" higher titers are common. 

In infections with APC-like viruses com- 
plement fixation tests are of only limited 
value because all agents apparently share a 
soluble group antigen. Thus infection with 
any type of APC-like virus can result in 
complement-fixing antibodies. On the other 
hand it appears probable that complement- 
fixing antibodies persist for only a limited 
period after infection. With these reserva- 
tions it is of interest that among 19 pa- 
tients with typical epidemic keratoconjuncti- 
vitis all had complement-fixing antibodies 
for both “Trim” virus and RI 67 virus. 
Such antibodies were found in only five of 
19 patients with herpetic keratitis and seven 
of 31 patients with uveitis. A majority of 
the patients with epidemic keratoconjuncti- 
vitis also showed a definite rise in comple- 
ment-fixing antibodies during their illness. 


The 1954-55 sera kindly made available by 


1954-55 10 


Dr. Ormsby and Dr. Fowle, Toronto, must 
be discussed separately, The pertinent data 
are summarized in Table 2 (bottom). The 
first of these cases, “McCul,” had both a 
typical disease and a striking rise in neutral- 
izing antibodies to “Trim” virus. Patients 
“Avot” and “Orms” had atypical forms of 
keratoconjunctivitis which was definitely as- 
sociated with type 3 APC virus infection, 
and they lack neutralizing antibodies to 
“Trim” virus. They, as well as patient 
“Matt” (who developed no opacities ), would 
have to be excluded from consideration in 
the present series because their illness can- 
not be exactly defined within the limitations 
previously described. The fifth patient, 
“Whel,” is said to have “typical epidemic 
keratoconjunctivitis with opacities” yet has 
no demonstrable neutralizing antibodies to 
“Trim” virus. 


DISCUSSION 


The relationship of the laboratory find- 
ings reported in this paper to the etiology 
of epidemic keratoconjunctivitis is not clear. 
A number of possibilities must be consid- 
ered: 

a. Accidental viral contamination of tis- 
sue cultures. This can be safely excluded 


* Number of patients whose serum neutralized 50-100 TC 50 of “Trim” virus in a dilution of 1:5 or more 
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TABLE 2 
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SEROLOGIC EVIDENCE OF “TRIM” VIRUS INJECTION IN PATIENTS WITH 
ACUTE EPIDEMIC KERATOCONJUNCTIVITIS 


Days Newtralia- | 
afte ing Fixi Remarks 
tion atient ter Anti- ixIng emar 
Onset Anti 
bodies* bodies” 
Asia-Calif. ‘Trim 12  “Trim" virus isolated on 12th day 
99 40 20 
141 160 10 
California Cott 6 0 0 Contact of “Trim” Herpes simplex virus 
80 80 20 isolated on 14th day 
Chicago Lars 3 0 20 Typical epidemic keratocon). with opaci- 
19 40 40 ties 
Chicago Hans 2 0 0 Typical epidemic keratocon). with opaci- 
24 80 80 ties 
Chicago McDow 5 0 ? Typical epidemic keratocon). with opaci- 
33 20 160 ties 
Chicago O' Don | 5 0 Typical epidemic keratocon). with opaci- 
24 160 160 ties 
Chicago Quar 4 0 0 Typical epidemic keratocon). with opaci- 
33 80 20 ties 
Chicago Kotyl 3 0 sO) Typical epidemic keratocon). with opaci- 
31 10 160 ties 
Chicago Fitt M 80 ? Typical epidemic keratocon). with opaci- 
4 80 10 ties 
Toronto McCul 3 0 0 Typical epidemic keratoconj. with opaci- 
74 80 80 ties 
Asia-Calif. Rena 7 5 20 Atypical epidemic keratoconj. without 
92 40 80 opacities. Herpes simplex virus iso- 
lated on 7th day 
Canada Avot 3 0 160 Atypical keratoconj. APC type 3 virus 
42 0 160 isolated by Dr. Ormsby 
Canada Orms 1 0 10 Atypical keratoconj. APC type 3 virus 
27 0 10 isolated by Dr. Ormsby 
Canada Matt 3 0 0 Keratoconjunctivitis without opacities 
136 0 0 
Canada Whel 13 0 160 Keratoconjunctivitis with opacities 
180 0 160 


* Reciprocal of the serum dilution giving significant neutralization with 50-100 TC 50 of “Trim” virus. 
0 = No neutralization in a serum dilution of 1:5. 
» Reciprocal of the serum dilution giving ++ + complement fixation with “Trim” antigen. 0= No com- 


plement fixation in serum dilution of 1:10. 


because no APC-like viruses were present in 
this laboratory at the time of recovery of the 
“Trim” agent, and in hundreds of control 
tissue culture tubes no herpes viruses made 
their appearance. Thus it is safe to assume 
that the various viruses originated from the 


patients’ specimens. 

b. The viruses might have been present 
entirely by accident in the eyes from which 
they were recovered, not in any way re- 
lated to the acute illness. This seems plausi- 
ble for the herpes-simplex viruses which 


might have been latent in the patients’ cor- 
nea, brought into activity by an inflammatory 
process of unrelated etiology. It also is a 
possibility for “Trim’’ virus, since the habi- 
tat of APC-like agents may be the conjunc- 
tiva as well as the upper respiratory tract. 
Yet the rise in both complement-fixing and 
neutralizing antibody titer to APC-like 
agents during the acute illness suggests that 
these agents at least produced an infection, 
albeit perhaps an asymptomatic one. 

c. “Trim” virus might be the etiologic 
agent of epidemic keratoconjunctivitis. A 
stronger case for this postulate could be 
made if the same agent had been recovered 
from several clinical cases, At present the 
support for this claim must rest on: (1) 
The isolation from a typical case; (2) the 
almost uniform presence of neutralizing anti- 
bodies to “Trim” virus in typical cases of 
epidemic keratoconjunctivitis (25 out of 25) 
and their rarity in herpetic keratitis (one out 
of 19) and uveitis (one out of 10); (3) un- 
equivocal rises in antibody titer in seven of 
nine patients seen during the acute illness in 
1954-55. 

Extensive experience with both neutral 
disease and experimental infection with 
type 3 APC virus (Dr. R. H. Huebner, 
personal communication) makes it very un- 
likely that this type of agent alone could 
produce typical epidemic keratoconjuncti- 
vitis. However, until the nature of the Ca- 
nadian cases seen by Dr. Ormsby has been 
thoroughly clarified it may be necessary to 
withhold judgment as to the possible rela- 
tionship of various etiologic agents to the 
morpholgic picture in eye disease. 

d. Might herpes viruses alone be the cause 
of typical epidemic keratoconjunctivitis, as 
proposed by Maumence?* For a number of 
reasons this seems most unlikely. Primary 
herpetic infection (including keratitis) gen- 
erally occurs in childhood, and most indi- 
viduals subsequently possess significant anti- 
body levels. An epidemic spread of herpes 
virus from adult to adult seems exceedingly 
unlikely. Furthermore, herpetic keratocon- 
junctivitis tends to recur, whereas recur- 
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rences of epidemic keratoconjunctivitis have 
never been reported. The isolation of herpes 
virus from clinically typical epidemic kerato- 
conjunctivitis® may represent a situation as 
encountered with patient “Cott,” in the pres- 
ent study, but is no proof of an etiologic 
relationship. 

e. APC-like agents, like “Trim” virus, may 
be an important factor in causing epidemic 
keratoconjunctivitis, and may be regularly 
present but may require another agency, like 
herpes virus or trauma, to produce the full- 
blown clinical picture. This would account 
for the occurrence of very mild cases in pa- 
tients with only conjunctivitis in the epi- 
demic chain*’ who acquire “Trim”’ virus in- 
fection but lack the additional agency. In 
the present work, the only support for this 
hypothesis is the isolation of typical herpes 
simplex virus from patients “Cott” and 
“Rena” while these individuals were under- 
going infection with an APC-like virus, 
proved by serologic reactions, Might the co- 
existence of these two agents result in dif- 
ferent forms, but always severe keratocon- 
junctivitis ? 

In view of the known ability of at least 
type 3 APC virus to produce conjuncti- 
vitis*’ ** but not keratitis, it might be postu- 
lated that, in susceptible populations, viruses 
like “Trim” might spread epidemically in 
eyes. By themselves such APC-like viruses 
might produce only a conjunctivitis, but act- 
ing together with other influences (for ex- 
ample, trauma or other viruses such as ac- 
tivated latent herpes simplex) they might 
produce the full clinical picture of keratocon- 
junctivitis. There is no support available 
at present for this hypothesis but it seems 
worthwhile to pursue it in future studies. 
The evidence presented in this paper war- 
rants the conclusion that “Trim” virus is 
somehow related to epidemic keratoconjunc- 
tivitis. The nature of the relationship re- 
mains to be established. 


SUMMARY 


1. A new virus was isolated from a clini- 
cally typical case of epidemic keratoconjunc- 
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tivitis. This virus serologically belongs to 
the group of APC-viruses and has been 
classified as type 8. 

2. Neutralizing antibodies in significant 
concentration were found in the serum of 25 
of 25 patients who suffered from typical 
epidemic keratoconjunctivitis between 1951 
and 1955 in four distinct geographic areas 
in North America. Similar antibodies were 
found in only one of 19 patients with her- 
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petic keratoconjunctivitis and in one of 10 
patients with uveitis. 

3. Typical herpes-simplex virus was iso- 
lated from a patient during the acute phase 
of epidemic keratoconjunctivitis, while she 
was undergoing infection with the APC-like 
agent, proved by rise in antibody titer. 

4. The possible role of the newly recov- 
ered virus, and other agents, in the etiology 
of epidemic keratoconjunctivitis is discussed. 
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DISCUSSION 


Dae. Arson E. Brarey (lowa City, lowa): The 
problem of epidemic keratoconjunctivitis and the 
related viruses is most interesting, and a problem 
in which I have been very much interested for a 
number of years. 

Likewise, there is the problem of what has been 
called Greeley disease. This and the epidemics re- 
ported by Dr. Ryan and his co-workers before the 
A.M.A. Section on Ophthalmology. Most interesting 
narrations have occurred with the passage of time. 

In 1943, a virus was isolated by Dr. Sanders and 
Mrs. Alexander. At the same time, I was working 
with the disease. We followed much the same pro- 
gram which Dr. Sanders did, but we were unable 
to isolate the virus from our cases. However, many 
of our mice did become ill. 

We found it extremely difficult to isolate the virus 
by the methods used by Dr. Sanders and Mrs. Alex- 
ander. However, our mice, when they did recover 
from mild infections, were not susceptible to the 


virus isolated by Sanders. This gave us a lead, that 
at least we were dealing with a similar agent. 

The work of Dr. Kimura and Dr. Fowle leads us, 
then, to some real findings and some really important 
contributions to this entire problem. They have 
shown that they can isolate the virus on HeLa cells 
and in monkey kidney quite readily; but that this 
virus is not infectious to mice, when inoculated in 
mice. It also does not propagate in our tissue cul- 
tures. 

One more point I would like to make is that, in 
studies similar to those of Sezer (that is, the egg 
inoculations using corneal epithelium as the medium 
on which the egg will grow, then inoculating that 
material into mice), the results show some illness in 
mice. 

I believe this represents mutations in the virus. 

At the present time, we have had the virus we call 
EK since 1943. We have carried it in our laborato- 
ries oll these years. Admittedly, it was kept in the 
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deep freeze for a little over three years, while we 
were in service, then taken out again and reinocu- 
lated into mice. This virus no longer is neutralized 
by the serum from patients who have had the typical 
clinical picture of epidemic keratoconjunctivitis. 

Our virus has been completely adapted to mice, 
and is no longer related at all to the present group 
of APC viruses, as they are described. 

All of these APC viruses probably represent vari- 
ous types of mutations, from type 1 clear through 
to type 9; and it so happens that we now have a 
method by which easy isolation can be done. 

This, then, I am sure, will show us that, while 
all of these viruses are related, they will bring us 
hack, I think, to the many arguments which some 
of you may have heard on polio at the recent meet- 
ing here in Atlantic City, when Salk and the rest of 
them all presented some material. I do not know 
whether any of you were there; but I do not believe 
that we need the arguments they had there, because 
1 think we have some of the better mutations, and 
we can discuss these problems together without get- 
ting into any really serious difficulties. 

Our virus has been changed, and changed so com- 
pletely that it is no longer even remotely associated 
with epidemic keratoconjunctivitis. However, it 
would be interesting to grow it on HeLa cells and 
see how it could be typed, if it could be typed as an 
APC group. It may actually now be a type 10 virus. 

I would like to show you that many of these, I 
think, are related, in one way or another, to muta- 
tions which occur in influenza; and I would like to 
present to you two cases, those of two doctors on 
whom we tried to isolate a virus. 

These two doctors were ear-nose-and-throat men 
who did not wear glasses while doing a bronchos- 
copy. Actually, of course, the patient coughed while 
they were looking, and they got something in their 
eyes, which they carefully washed out ; but, five days 
and approximately 12 hours later, they came down 
with this lesion (slide). Here we will show the 
upper lids, a marked follicular conjunctivitis with a 
follicular pharyngopathy and, following this, a se- 
vere pharyngitis. The pharyngitis developed almost 
two weeks after the eye infection, during which 
they also had bronchitis, with high fever up to 
104°F. The eye apparently was the point of inocula- 
tion for these two men. 

(Slide) The next two pictures are of the other pa- 
tient, who was not standing quite so close and did 
not get quite so much inoculum as the first one. 

(Slide) A follicular conjunctivitis which lasted 
for a period of approximately two weeks. 

I believe now that these cases probably all repre- 
sent various types of changes which will produce 
similar clinical pictures. I do not believe, since we 
have never been able to get any cross-neutralization 
with herpes, that they are related to the herpes virus, 
but more closely related to the virus of influenza, 
which i is known to produce several different types of 
mutations, 

Da. J. H. Attew (New Orleans, Louisiana): I 
wish to congratulate the authors of both papers for 
beautiful presentations and I especially wish to call 


attention to the bravery of the human volunteer, Dr. 
Ormsby, who, as you know, is fully aware of the 
dangers involved. 

Although the theory of virus mutation, as just 
presented by Dr. Braley, is interesting, | believe the 
data presented in these papers and previous ones 
indicate that the condition we know as epidemic 
keratoconjunctivitis is a syndrome which may be 
caused by a number of different viruses. At present 
it would seem that several types of the APC viruses 
are capable of producing almost identical clinical 
manifestations. Whether unrelated viruses also may 
produce clinically indistinguishable manifestations 
remains to be proven. 

In this vein of thought it would have been inter- 
esting and important to have known the results of 
inoculation of a human volunteer with the virus iso- 
lated by Dr. Kimura's group. 

Da. H. L. Ormssy (Toronto, Canada): I do not 
think that this problem is quite as confused as it is 
being made out. 

In 1951, we had an epidemic of what we called 
epidemic keratoconjunctivitis in the Ford Motor 
Plant in Windsor, Ontario. There were 600 cases of 
viral conjunctivitis and only 89 of these patients de- 
veloped keratitis and corneal opacities. Of six con- 
valescent sera from this epidemic, four were recently 
shown by Jawetz to have neutralizing antibody to 
the Trimborn virus. One of the interesting features 
of this Windsor epidemic was that, in the early 
months of the epidemic, there were few corneal 
opacities. When the epidemic reached its height there 
were quite a number of opacities. Finally, when the 
epidemic waned, there were very few opacity cases 
to be seen. 

(Slide) This Kodachrome is of one of the patients 
with this type of disease which we saw in Toronto 
in the fall of 1951, the same year of the Windsor epi- 
demic. Of nine patients with this type of conjuncti- 
re in Toronto, only one developed corneal opaci- 


”*(Stide) This is the close-up on the same patient. 
You can see the very slight p branous ap- 
pearance in the lower fornix. 

(Slide) This is another patient who in 1951 had 
the subconjunctival haemorrhages which are fairly 
common in epidemic keratoconjunctivitis but who 
did not develop opacities. 

In the fall of 1954 Dr. Clement McCulloch sent 
us this patient from his office. There was pseudo- 
membranous formation on both upper lids and there 
was a subsequent development of corneal opacities 
typical of epidemic keratoconjunctivitis. It is rather 
interesting that nine days later Dr. McCulloch de- 
veloped epidemic keratoconjunctivitis. The opacities 
in both patients are still present six months after- 
ward. Dr. McCulloch's serum was shown by Jawetz 
to have a rising antibody titre to the Trimborn virus. 

(Slide) This is a Kodachrome of a patient who 
volunteered for an experimental eye inoculation with 
an APC3 virus which we had isolated. Although 
corneal opacities developed (and persisted in one 
case up to six months), there was blurring of vision 
for only a few days. In this particular case the 
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opacities disappeared within six weeks. Pseudo- 
membranes, which you will see in the next Koda- 
chrome, were present in some cases but were easily 
removed and were very fine in texture. 

(Slide) This is another type of viral conjuncti- 
vitis which we have seen recently which is charac- 
teristic of Beal's conjunctivitis. We have no isolation 
on this case and we do not know the cause. 

Our APC3 disease differs in several respects from 
that of the 1954 Washington epidemic, since none of 
our patients have had any fever, only one has had 
pharyngitis, and transmission did not occur readily 
in home contacts. Since all the patients from whom 
we isolated virus were adults, this may account for 
the difference in the clinical picture. 

This is a new disease in Toronto, something which 
we had not previously seen. 

De. Arson E. Brarey (lowa City, lowa) : I have 
one more thing I want to say. Dr. Kimura said that 
there were no reports in the literature of patients 
being reinfected with EK virus. 

He did not read the literature carefully enough, 
because I reported one [laughter], a Dr. Wooster, 
whom some of you around here may know. If his 
son is here, he would know. 

In 1943, he had a typical EK virus which produced 
some corneal opacities and disappeared. I also re- 
ported that the antibodies to the virus which he had 


at that time were present. They disappeared. In 
1948, he developed a typical epidemic keratocon- 
junctivitis. 

De. James P. Leake (Washington, D.C.): I 
wonder if Dr. Ormsby would not consider, however, 
that the lack of spread is due to the lack of pharyn- 
geal components, as in Matthew 22:14; “Many are 
called, but few are chosen.” 

De. H. L. Ormssy (in closing): There is a great 
deal that can be said on this subject, if time per- 
mitted. 

Mitsui, in a recent issue of Tue American Jour- 
NAL OF OPHTHALMOLOGY, described corneal changes 
in keratoconjunctivitis. He described the clinical ap- 
pearance in very young children whose eyes he inoc- 
ulated from typical adult cases of epidemic kerato- 
conjunctivitis. These children developed pseudo- 
membranes but no keratitis. Alternatively, he took 
eye scrapings from children who had the pharyngitis, 
conjunctivitis, and systemic manifestations, and inoc- 
ulated adult volunteers. These inoculations resulted 
in the typical keratoconjunctivitis of epidemic 
keratoconjunctivitis. It is possible, therefore, that 
we may have different clinical manifestations in 
adults and in children. 

Whether spread of this disease in children occurs 
by droplet infection, and in the adult by direct con- 
tact, is something we have yet to work out. 


THE PENETRATION OF CORTISONE AND HYDROCORTISONE 
INTO THE OCULAR STRUCTURES* 


Cleveland, Ohio 


Suinicnt Hamasuice, B.S., anp Atsert M. Porrs, M.D. 


Since the initial use of cortisone in eye 
disease’ its use has made numerous changes 
in ocular therapeutics. The effectiveness of 
cortisone and hydrocortisone applied locally 
has been particularly advantageous.’ It has 
been shown that the efficacy of these steroids 
is due to local inhibition of the inflamma- 
tory process at its site. Therefore, it should 
follow that local concentration of each drug 
should be the principal factor in patient re- 

* From the Laboratory for Research in Ophthal- 
mology and Ophthalmology Service, Department of 
Surgery, Western Reserve University. Supported 
by grants from The National Institute for Neuro- 
logical Diseases and Blindness, The Ohio Lions 
Clubs. and the Haberacker Optical Company, 
Cleveland. A preliminary report was presented at 
the East Central Section of the Association for 
Research in Ophthalmology, Buffalo, New York, 
January 10, 1955. 


sponse, The net therapeutic result is modified 
by the anti-inflammatory activity of the drug 
actually present locally, 

Dosage forms and concentrations have 
been until now largely based on impressions 
of clinical effectiveness. The desirability of 
a more objective method of deciding dosage 
form, dose, and route of administration 1s 
evident. 

One possible approach to such a method 
would be experimental determination of 
local steroid concentration at the intended 
anatomic site of action. The attempts to do 
this have been based until now on the chemi- 
cal determination of ketones giving the Por- 
ter-Silber reaction with phenylhydrazine.”” 
The disadvantages of such methods include 
nonspecificity, insensitivity, and failure to 
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distinguish between endogenous and exogen- 
ous corticoid. 

In an attempt to eliminate these disad- 
vantages, our experiments using C-14 labeled 
corticoids and separation by paper chro- 
matography have been undertaken. With 
local application of ring labeled C-14 steroid 
all radioactivity must represent exogenous 
steroid only. When pure carrier steroids are 
used with an adequate chromatographic 
technique, the radioactivity in each fraction 
must be steroid and not degradation prod- 
ucts or nonsteroid ketones. With high 
enough specific activity there is no problem 
of sensitivity of the method. In some experi- 
ments described below, sensitivity is roughly 
100 times that of the best chemical methods 
and there is no theoretical limit to potential 
sensitivity. 

This first series of experiments is a study 
of the depth of penetration, and the amount 
of each chemical form when cortisone ace- 
tate or hydrocortisone free alcohol are ap- 
plied topically for an arbitrary time interval. 


METHODS 


Ring labeled C-14 cortisone and hydro- 
cortisone* were diluted with specially puri- 
fied inactive material’ to a concentration of 
2.5 percent and 0.25 percent in the case of 
cortisone acetate and 2.5 percent in the case 
of hydrocortisone. Active and inactive ma- 
terial was homogenized in an Elvejhem- 
Potter homogenizer and held in suspension 
by a 1.0-percent solution of gum arabic in 
1.35-percent sodium chloride. 

One ml. of such a suspension was applied 
to the anterior corneal surface of a nem- 
butal anesthetized rabbit with a special stir- 
ring applicator (fig. 1) for an arbitrary pe- 
riod of 20 minutes. After the experimental 
period, the suspension was withdrawn from 


* Furnished through the kindness of the National 
Institute of Arthritis and Metabolic Diseases, Dr. 
Sam R. Hall. 

* Furnished through the kindness of Merck & 
Company, Inc., Rahway, New Jersey. 


the applicator, the cor- 
nea was copiously 
washed with saline so- 
lution, and the eyes 
were enucleated. 
Cornea, aqueous, 
lens, anterior uvea, 
vitreous, retina, cho- 
roid, and sclera were 
all worked up for ra- 
dioactive steroid con- 
tent. This was accom- 
plished by homogeniz- 
ing in an Elvejhem- 


Potter homogenizer 
with five 5.0-ml. por- 24 Potts). Air-bubble 
stirrer vacuum applica- 


tions of chloroform tor for steroid suspen- 
and 50 yg. each of cor- sions. 

tisone, cortisone ace- 

tate, and hydrocortisone. The chloroform so- 
lutions were evaporated to dryness in a 
stream of air at room temperature and the 
residue was taken up in 30 ml. of 70-percent 
ethanol. The ethanol solution was washed 
with five 5.0-ml, portions of hexane (Skelly- 
solve B), and was then evaporated to dryness 
once more, The residue was taken up in a 
small volume of methanol and transferred 
to paper for purposes of chromatography. 

This chromatographic procedure was done 
according to a modification of the method 
of Bush*® in which development is carried 
out by the use of benzene, methanol, water 
(2:1:1). Our modification involves pretreat- 
ment of the Whatman No. 3 paper with a 
mixture of equal parts of anhydrous and 
water saturated ether and allowing the ether 
to evaporate just prior to depositing the 
steroid at the starting point on the paper. 
We allow one to two hours for equilibration 
after placing the paper in the chamber. 
Chromatography is complete in 4.5 to 5.5 
hours at room temperature. 

When development was complete, the 
paper was examined under ultraviolet il- 
lumination and the spots represented by car- 
rier cortisone, cortisone acetate, and hydro- 
cortisone were outlined; these areas were 
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then cut out, the paper extracted five times 
with methanol, and the methanol residues 
evaporated in dishes for radioactivity count- 
ing. Counting was performed in an auto- 
matic sample changer under a thin window 
Geiger counter tube. Because of the rela- 
tively low activities present, long counts re- 
peated at least three times were the rule. 

The feasibility of the chromatographic 
separation and the ultraviolet identification 
of cortisone, cortisone acetate, and hydro- 
cortisone were established by numerous ex- 
periments with pure steroids, mixtures of 
known steroids, and tissue extracts to which 
known steroids were added. Examination 
with ultraviolet light was controlled by using 
the color reaction of the 2-ketol group with 
alkaline silver nitrate. The fluorescent spots 
coincided with the silver stained spots in 
every case. 


RESULTS 


The result of experiments with topically 
applied 2.5-percent C-14 labeled cortisone 
acetate suspensions are summarized in Table 
1. The 2.5-percent suspension contained 5.3 
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c/m/yug and the minimum detectable amount 
is 0.95 yg of steroid. The 0.25-percent sus- 
pension contained 1,000 c/m/ag and the 
minimum detectable amount was 0.005 yg of 
steroid. 

Two experiments were done with 2.6-per- 
cent C-14 labeled hydrocortisone free alcohol 
applied topically for 20 minutes. This hydro- 
cortisone suspension contained 20.2 c/m/pg 
and the minimum detectable amount was 
0.25 ug of steroid. Under these conditions 
radioactivity counts were at the limit of 
sensitivity of the method and gave equivocal 
results. Hydrocortisone with higher specific 
activity will be needed for such an experi- 
ment. 


DISCUSSION 


That cortisone reaches the intraocular 
structures is amply proved by the clinical 
effectiveness of the drug and the work of 
Dr. Leopold’s group. The concentrations in 
the various tissues and the chemical form 
of the steroid are not on such firm ground. 
The earlier estimates of 40 to 50 ug of 
steroid in the normal aqueous,** have re- 


TABLE 1 


THE INTRAOCULAR PENETRATION OF CORTISONE ACETATE APTER APPLICATION 
TO THE ANTERIOR CORNEAL SURFACE 


| 


Time = 20 min. 


Tissue Content Millimicrograms 


Limit of | 
Applied | 
Detecta- Ciliary 
Suspension ‘bility Steroid | Bod Vere 
Concentration | Cornea Aqueous Lens Retina and 
Mpg a ous 
| Iris 
2.5% CA CA | 3x10 — — 
5.3 ¢/m/pg 950 6x10" — 
0.25% CA 90 t 
1,000 ¢/m /ug 5 625(?) . . 187 
H 14(ca) 30 | | 
0.25% CA 5 CA | — 28 10 _ | 
1,000 c/m/yg 6 5 - 372 
H | 12 - | 
0.25% CA CA | 99 40 6 — — - 13 
1,000 c/m/ug 5 Cc | 69 5 12 — = 66 
CA =Cortisone Acetate 


C = Cortisone 


H = Hydrocortisone 


| 
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cently been revised to < 0.5 yg,” and after 
local application of 2.5-percent suspension 
every 15 minutes, four times, the aqueous 
concentration was measured as 5.0 to 8.0 
yg of cortisone acetate/ml. or roughly 1.0 to 
2.0 wg per eye.” This compares with < 0.95 
yg per eye in our experiment with 2.5-per- 
cent suspension and a mean of 40 millimicro- 
grams with 0.25-percent suspension. There 
seems legitimate room for speculation here 
on whether the level of cortisone acetate is 
really in the microgram range or an order of 
magnitude lower. This is particularly true 
in view of the more intensive application of 
steroid and the immediate enucleation in our 
procedure which would be expected to give 
a higher, not lower, figure for the aqueous 
level than in the experiments of Weimar and 
Leopold. 

Moreover, it is of great interest to note 
that in both aqueous and cornea there are 
measurable amounts of cortisone free al- 
cohol and of hydrocortisone after application 
of cortisone acetate to the eye. In the cornea 
the quantity of cortisone free alcohol (table 
2) is approximately half that of the acetate ; 
in the aqueous the amount is approximately 
one sixth. Even more striking, the amount 
of hydrocortisone in the aqueous exceeds 
that of free cortisone and averages one third 
the amount of cortisone acetate. In the cor- 
nea it is closer to one-fourth of the acetate 
present. 

When the poor penetration of hydrocorti- 
sone free alcohol is borne in mind this seems 
additional confirmation for the greater ease 
of corneal penetration of lipophilic sub- 


TABLE 2 


RATIOS OF CORTISONE ACETATE, CORTISONE, HYDRO- 
CORTISONE IN AOUPROUS AND CORNEA APTER 
APPLICATION OF CORTISONE ACETATE TO THE 

ANTERIOR CORNEAL SURFACE 


Faperiment No. 


Ratio of 
Cortisone 
Cortisone acetate 


Hydrocortisone 
Cort isone acetate 
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stances over hydrophilic ones as described 
by Cogan and Hirsch" and by Swan and 
White."* However, one may well wonder on 
the basis of the rapid degradation of corti- 
sone acetate in the eye whether the actual 
therapeutic agent is not hydrocortisone free 
alcohol present in the strikingly low quantity 
of 10 millimicrograms per eye. 

Further, one should note that no detecta- 
ble steroid was found in lens, vitreous, or 
retina, but that the choroid and sclera frac- 
tion did show activity. If one can rule out 
external contamination here, and such con- 
tamination is not likely, one can only at- 
tribute the result to the multiple anastomoses 
of the venous outflow of the eye. Experi- 
ments are in progress to clear up this point. 

It is reasonable to bring up the question 
whether any significant amount of hydro- 
cortisone acetate is present in the eye and 
whether this substance penetrates more 
easily than the free hydrocortisone. There 
was no hydrocortisone acetate available 
either labeled or unlabeled at the time these 
experiments were begun. We shall acetylate 
our hydrocortisone and look for its acetate 
in the eye in our next series of experiments. 


CONCLUSION 


1. When cortisone acetate labeled with 
C-14 is applied to the anterior corneal sur- 
face, radioactive steroid is detectable in 
cornea, aqueous, and uvea. 

2. The steroids so detected can be shown 
to consist of cortisone free alcohol and hy- 
drocortisone even though pure cortisone ace- 
tate suspension has been used. 

3. The concentrations of all three steroids 
are markedly less than those previously re- 
ported by chemical methods. 

4. When labeled hydrocortisone is used 
for such experiments, the levels of activity 
resulting are too low to give unequivocal re- 
sults. 

5. This leaves the nature of the actual 
therapeutic agent in local use of cortisone 
acetate subject to additional speculation. 

Western Reserve University (6). 


5 6 7 
| Aqueous 0.22 0.15 
( ornea 0.21 0.26 
Aqueous 0.35 0.44 0.16 
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DISCUSSION 


De. Ixvinc Leorotp (Philadelphia, Pennsylva- 
nia): This paper by Dr. Hamashige and Dr. Potts 
offers an accurate method for determining the pene- 
tration of steroids. 

It is unfortunate that they did not have available 
in sufficient concentration for accurate comparison 
the free-alcohol form of cortisone and the acetate 
variety of hydrocortisone to compare to the acetate 
variety of cortisone and the free-alcohol variety 
of hydrocortisone. 

Up until the present time, as they pointed out, the 
methods available have been chemical ones such as 
the phenylhydrazine reaction and the use of blue 
tetrazolium. Both of these methods have definite 
drawbacks. However, Dr. Potts and Dr. Hamashige 
have confirmed the earlier chemical studies in that 
there is penetration of these compounds, as shown 
by the group working with Dr. Green at Wills Hos- 
pital. 

Certain difficulties with the blue-tetrazolium tech- 
nique have been ironed out by the Wills group. How- 
ever, some definite faults are still evident. One can- 
not separate naturally occurring steroids from those 
which have been applied to the eye with the chemical 
methods. | fthere are variations in the amount of 
normally occurring steroids during the time of the 
experiment one will not be able to determine the 
extent of this in doing the analysis by this technique. 
The Potts-Hamashige technique should eliminate 
this fault. 

The chemical methods can be employed to measure 
differences of penetration. 

The Wills group has been able to demonstrate a 
definite difference in penetration of locally applied 


steroid compounds. Variations in rate and degree 
of penetration among cortisone, hydrocortisone, and 
9-alpha-fluorohydrocortisone have been found with 
these techniques. The acetate and free-alcohol forms 
also show differences in penetration. For example, 
the free-alcohol form of hydrocortisone locally ap- 
plied showed greater and more rapid penetration 
than the acetate variety in the presence of an 
abraded cornea. 

Clinically, this may explain the experiences of 
Gordon and his co-workers and Hogan, et al., who 
feel that the free-alcohol variety of hydrocortisone 
has a greater anti-inflammatory reaction for intra- 
ocular-disease processes. 

Earlier, it was shown that cortisone acetate did 
not do as well as hydrocortisone acetate for external 
inflammations but, with intraocular inflammations, 
the cortisone acetate did about as well as hydro- 
cortisone acetate locally applied. This might be ex- 
plained by the less rapid penetration of hydrocorti- 
sone acetate as compared to cortisone acetate. It 
may be that the use of the hydrocor-tisone [ree- 
alcohol in local preparations would result in a better 
penetration of this compound, and superior clini- 
cal results. 

I anxiously await the studies that this group will 
do with the other C-labeled compounds and the 
steroids, as they become available. 

De. Ateert M. Ports (in closing): I want to 
thank Dr. Leopold for his discussion. 

There are two small points to bring out: First, 
that this material is even now quite precious. We 
were given it very generously by the Institute of 
Arthritis and Metabolic Diseases but have not been 
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able to obtain a new supply. We obviously have had 
to do our experiments on the material available 
first, that is, cortisone acetate and hydrocortisone 
free alcohol. 

This is what we have done before either hy- 
drolyzing or acetylating to get the other com- 
pounds 


This is a pinch-and-save type of experiment. As 
you noticed, the applicator is so designed that most 
of the applied material can be recovered after the 
experiment. 

One thing which is quite curious about the dis- 
crepancy between the two types of experiments 
which Dr. Leopold's group and ours have done is, 
again, the apparently greater concentration of total 
corticoids in the aqueous after the local application 
by the Philadelphia group. 

The thing which is particularly curious is that, 
on any theoretic basis, if one assumes that only the 
corticoid in solution is what penetrates and that the 
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particles make no contribution to the penetration, 
one would expect a higher amount of penetration 
from the continuous applicator as used by us than 
from the drops which are applied intermittently as 
in Dr. Leopold’s experiments. 

From the results seen here just the opposite is 
indicated unless the total discrepancy is supplied by 
endogenous steroids. There is a whole order of mag- 
nitude difference, although our concentrations are 
expressed in terms of the amount in the aqueous 
rather than the amount per cc. This introduces a 
factor of four times, since the rabbit aqueous is 
approximately a quarter of a cc. 

The discrepancy is still a mystery to me; and we 
will just have to do some more experimentation to 
try to hash out this difference. It may be possible 
that the particles in the higher concentrations do 
contribute in some manner to the amount of steroids 
which penetrate, although, at this time, I myself do 
not see how that could be. 


STUDIES ON THE CRYSTALLINE LENS 


VI. Miroric ACTIVITY IN THE EPITHELIA OF LENSES CULTURED IN VARIOUS MEDIA 


V. Everett Kinsey,* Pa.D., Cart Wacntt,* Pa.D., Marcuerite A. Constanrt,' 
Pu.D., anp Enriqueta Camacuo,* M.D. 
Detroit, Michigan 


The technique of culturing the ocular lens 
affords the opportunity of studying the 
metabolism of the intact organ in an isolated 
system where both physical and chemical 
environments can be controlled. To draw 
conclusions from such culture experiments, 
which are applicable to the lens in situ, the 
lens should necessarily be maintained in a 
physiologically normal state. This latter req- 
uisite presumably could be fulfilled simply 
by simulating the physical conditions which 
prevail in the eye and by employing aqueous 
humor as a culture medium. 

However, to control the chemical environ- 
ment of the lens it is necessary not only that 
the composition of any medium used for 
culture be known, but that the constituents 
can be added or eliminated at will. Not only 


* From the Kresge Eye Institute, Detroit, Michi- 
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is the composition of aqueous humor not 
known completely, but individual constitu- 
ents cannot readily be removed, so that the 
favorable characteristics of aqueous humor 
as a culture medium are more than offset by 
other factors. The alternative would seem 
to be a wholly synthetic medium. 

Merriam and Kinsey’ have designed an 
apparatus for lens culture which appears 
to duplicate adequately some of the more es- 
sential physical conditions affecting the lens 
in vivo, and have employed several relatively 
simple synthetic media for culture, To pro- 
vide a medium which might more adequately 
meet the nutritional requirements of the 
lens, Kinsey and Wachtl* devised a solution 
which contained many of the known con- 
stituents of the aqueous humor and in addi- 
tion a number of substances which are 
thought to be important metabolically. 

The adequacy of these media was tested 
by measuring glucose consumption and lactic 
acid production by the lens,** by determin- 
ing the relative concentrations of various 
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organic phosphates and other metabolically 
important constituents in the lens at the 
termination of culture, and by measuring the 
turnover rate and steady-state concentration 
of sodium between the lens and the medium.’ 
Lenses cultured in the medium used by Mer- 
riam and Kinsey were found to utilize glu- 
cose and produce lactic acid in apparently 
normal amounts for periods of about a week ; 
however, they gradually lost transparency, 
and the concentrations of glutathione and 
ascorbic acid decreased as they do in catarac- 
tous lenses in vivo. Lenses cultured for sev- 
eral days in the medium, devised by Kinsey 
and Wachtl, referred to in this paper as 
KEI medium, with plasma, were found to 
maintain approximately normal concentra- 
tions of glutathione and ascorbic acid, and 
the same concentrations and distribution of 
organic phosphates. They retained also a 
normal turnover rate and steady-state dis- 
tribution of sodium between lens and me- 
dium. 

It is known that some cellular processes 
show signs of impairment prior to discerni- 
ble chemical changes. Kinsey and Grant® de- 
termined the relationship between the rate 
of cell division and oxygen uptake of yeast 
cells exposed to various concentrations of 
mustard gas. They found a normal oxygen 
uptake at concentrations of mustard gas 
which depressed cell division by 50 percent. 
Willmer* could find no definite correlation 
between carbohydrate utilization or lactic 
acid production and mitotic activity in cul- 
tures of chick fibroblasts. These observations 
suggested that the number of dividing cells 
might be a more sensitive index of the ade- 
quacy of a medium for lens culture than 
chemical changes. The present investigation 
is concerned with the evaluation of several 
synthetic media, and media from natural 
sources, on the basis of their ability to main- 
tain normal mitosis in the epithelia of cul- 
tured lenses. 


MeETHOops 
The apparatus and conditions employed 
for culture of lenses were essentially those 


described in a previous publication.’ In the 
present experiments eight individual culture 
tubes, each containing one lens, were at- 
tached to the arm of a mechanical rocking 
device. The tubes were rocked gently at 12 
times per minute. Temperature was main- 
tained constant at 37°C. A gas mixture con- 
sisting of seven-percent oxygen, five-percent 
carbon dioxide, and 88-percent nitrogen was 
passed through a sintered glass filter to re- 
move bacteria, bubbled through water to 
saturate it with moisture, and led into each 
tube. The flow was adjusted to approxi- 
mately one liter per minute. S-shaped bub- 
bler caps containing water were attached to 
the gas-exit arms of the culture tubes so that 
any interruption in the flow of gas could 
be noted visually, The pH of the medium 
was determined electrometrically before and 
after culture in a special culture tube modi- 
fied to hold a glass electrode. In both in- 
stances the medium was equilibrated with 
the gas mixture until constant pH was ob- 
tained. 

Lenses from the eyes of albino rabbits 
who weighed from 1.5 to 3.0 kg. were used 
for all the experiments. The animals were 
sacrificed by air embolism and the eyes im- 
mediately enucleated. The lenses were ex- 
cised, extreme care being taken to avoid 
puncture of the capsule. One lens of each 
animal was fixed immediately to serve as a 
control. The other lens was placed epithelium 
up in a culture tube containing 5.0 ml. of 
medium which had been equilibrated for ap- 
proximately two hours with the gas mix‘ure 
to insure proper temperature and pH at the 
start of the experiment. The average time 
interval between the killing of the animal and 
introduction of the lens into the medium was 
about three minutes. 

Culture periods varied from two to 48 
hours. The longest period of culture without 
replacement of the medium was 24 hours. 
Sterile apparatus and technique were em- 
ployed in all experiments exceeding nine 
hours, in which instance 0.1 ml. of an aque- 
ous solution containing 200 units of potas- 
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sium penicillin, 0.5 mg. of dehydrostrepto- 
mycin sulfate, and 0.001 mg. of n-butyl- 
parahydroxybenzoate was added to each 5.0 
mil. of medium. 

Additional sodium bicarbonate was added 
to the rabbit plasma ultrafiltrate, the rabbit 
serum ultrafiltrate, and the TC medium 199 
to maintain pH within narrow limits (7.4 
to 7.6) throughout the experiments. 

Flat mounts of epithelia of cultured lenses 
and control lenses were prepared to count 
the number of cells in mitosis. The tech- 
nique used was that developed by von Sall- 
mann.°* Lenses were fixed in Carnoy solu- 
tion containing three parts of 95-percent 
ethyl alcohol and one part of glacial acetic 
acid, They were stained with Feulgen stain 
and the epithelia were mounted flat on micro- 
scope slides. 

To facilitate counting each epithelium was 
cut with a razor blade into six wedge-shaped 
pieces. The number of cells in each of vari- 
ous phases of mitosis in each wedge was 
counted microscopically under oil at a mag- 
nification of 950 times. The total number of 
cells in each epithelium in all phases of 
mitosis was determined and expressed as 
percentage of cells in division in vitro with 
respect to that in vivo. 


MEDIA 


The following media were tested for their 
adequacy as a culture medium: 


l. KEI 

2. KEI preparation, with 0.8-percent rab- 
bit plasma 

. Inorganic salt solution, with glucose 

TC 199 

. Serum ultrafiltrate (rabbit) 

. Plasma ultrafiltrate (rabbit) 

Aqueous humor (beef) 

Vitreous humor (rabbit) 

Aqueous humor (rabbit) 


The composition of the KEI medium is 


* Dr. von Sallmann kindly instructed us in this 
technique. 
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shown in column 2 of Table 1. The medium 
was prepared by mixing solutions in which 
the inorganic, the organic, and those con- 
stituents which were thought to be labile 


TABLE 1 
PREPARATION AND COMPOSITION OF KEI mepium* 
Me. iter g. /liter 
Medium 
Inorganic Solution 
Sodium chioride 15,350 6,140 
Sodium bicarbonate 7,450 2,980 
Calcium chioride 2 HO $10 204 
Magnesium sulfate 7 HO 4O 124 
Dibasic sodium phosphate 7 HA) 469 188 
Zine chloride 0.1 0.04 
Sodium citrate 18 7 
Sodium carbonate 790 316 
Perrous sulfate 7 HAD 6.3 2.5 
Cupric sulfate HA 2.5 1.0 
assium iod 0.7 0.3 
Manganous sulfate 2.5 
Monobasic potassium phosphate 20 “ 
Organic Solution 
Clucose 6,230 1,250 
Creatine H&) 166 33 
Ammonium sulfate 10 2 
0.5 0.1 
Pyridoxine hydrochloride 6 1.2 
Calcium pantot 5 1 
Niacin 5 1 
Folic acid 0.5 0.1 
Cytochrome C 1.5 0.3 
Inositol 0.5 0.1 
Vitamin By 0.015 0.005 
P ami 0.2 
Choline chloride $00 100 
_-leucine 285 57 
“phenylalanine 
n 
_-tyrosine 455 91 
_- proline 335 67 
_-hydroazyproline 485 77 
alanine 145 37 
glutamic acid $25 105 
_ threonine 190 48 
aspartic acid 355 71 
_eeTine 265 53 
_-arginine monohydrochloride 400 
L-lysine ydrochloride 400 80 
Glycine 145 37 
histidine monochloride 400 80 
350 70 
_- valine 190 
methionine 46 
Potassium 1,630 326 
Adenosine 25 5 
C ytidine 25 5 
(,uanosine 25 5 
losine 25 5 
Uridine 25 5 
Thymidine 25 5 
Labile Solution Me mi. 
Thiamine hydrochloride 0.5 1 
Riboflavin 0.5 1 
Adenosinetriphosphate disodium 
salt 4 
Lactic acid 85% (0.461 mil) (0.922 mi) 
Ascorbic acid 188 376 
L-cysteine monohydrochloride 20 0 
ium pyruvate 58 76 
Alpha-tocopherol acetate 0.6 1.2 
Coenzyme A 2 
Diphosphopyridine nucleotide 1 2 
Alpha-ketoglutaric acid 2 4 
Succinic ac 2 4 
* The three solutions and distilled water are mixed in the 
proportion: 
Inorganic solution 2 parte 
Organic solution 1 part 
Labile solution 1 part 
Distilled water 1 part 
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TABLE 2 


MITOTIC COUNTS IN LENS EPITHELIA AFTER CULTURE 
EXPRESSED AS PERCENTAGE OF THE CONTROL EVES 


Vitro/ 

Lens Medium ~~ we vivo (in 

ure percent) 
32.0 KEI 6 52 
33 6 38 
34 6 79 
35 6 56 
44 6 78 
45 6 22 
B 9 8&6 
9 57 
D 9 34 
. KEI with 0.8% plasma : 5 
x 2 13 
Ls 6 42 
Ls 6 11 
11 64 12 
12 6 x 
13 6 16 
36 6 17 
37 6 5 
46 6 ™ 
3 9 3M 
4 9 16 
5 9 10 
Ly 24 25 
Le 24 7 
Ls 24 14 
Ly 48 7 
Ls 48 
18 Inorganic plus 125 mg.% 6 47 
19 glucose 6 
20 6 
22 6 44 
23 6 18 
40 TC 199 6 101 
41 6 105 
42 6 &3 
43 6 145 
55 6 87 
56 6 100 
60 24 < 
61 24 32 
62 24 15 
57 48 19 
58 48 12 
59 48 5 
48 Rabbitserum ultrafiltrate 6 15 
49 6 27 
50 6 41 
51 6 17 
28 plasma ultra- 6 0 
29 filtrate 6 0 
6 0 
31 6 0 
79 ~=Rabbit vitreous humor 9 12 
80 9 72 
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Hr. in Vitro 


Lens Medium : vivo (in 

Culture percent) 
24 = Beef aqueous humor 6 70 
25 6 47 
26 6 47 
27 6 48 
14 = Rabbit aqueous humor 9 123 
15 9 77 
16 9 1 
17 9 143 
67 9 82 
63 18 48 
65 18 40 
66 18 44 
70 18 29 


were dissolved separately in amounts shown 
in column 1, Table 1, and in volumes indi- 
cated at the bottom of Table 1. 

The inorganic salt medium contained salts 
in the same concentrations as the KEI me- 
dium, and in addition 125 mg. percent of 
glucose. 

TC medium 199 is synthetic and was de- 
vised by Parker* and prepared by Difco 
Laboratories, Detroit, Michigan. Rabbit 
serum ultrafiltrate was purchased from 
Microbiological Associates, Inc., Washing- 
ton, D.C. Rabbit plasma ultrafiltrate was 
prepared by pressure filtration through cel- 
lophane. Beef aqueous humor was removed 
from cattle eyes within 15 to 30 minutes 
after death of the animals, frozen immedi- 
ately, and stored in this state until used. 
Vitreous humor was collected from rabbit 
eyes immediately after enucleation, frozen 
immediately, and stored until used. Rabbit 
aqueous humor was obtained from topically 
anesthetized eyes by paracentesis. Precau- 
tions were taken to maintain conditions as 
sterile as possible throughout the procedure. 


RESULTS 


The number of epithelial cells in mitosis 
in the epithelium of each cultured lens is 
shown in Table 2 expressed as percentage 
of the number of cells in mitosis in the cor- 
responding control lens. The average per- 
centage for each condition of culture is 
shown in Table 3. 
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TABLE 3 


AVERAGE MITOTIC COUNTS IN LENS EPITHELIA AFTER 
CULTURE EXPRESSED AS PERCENTAGE OF THE 
CONTROL EVES 


Cultured Time in Hours 
2 6 9 


KEI 
KEI with 048% 6 
Inorganic plus 125 mg. % 

ucose 
TC 199 


Rabbit serum ultrafiltrate — 
Rabbit plasma ultrafiltrate — 
Rabbit vitreous humor — 
Beet aqueous humor — 
Kabbit aqueous humor - 
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The mitotic counts of lens epithelia cul- 
tured in KEI medium for six and nine hours 
was reduced to approximately half that of 
the uncultured control lenses. The addition 
of plasma to the KEI medium resulted in a 
decrease in the number of cells in mitosis to 
one-tenth to one-fifth normal, The period of 
culture did not appear to influence the results 
appreciably. The inorganic constituents of 
the KEI medium (with added glucose ) alone 
could support approximately one-third of 
the normal number of cells in mitosis for six 
to nine hours. 

The synthetic medium TC 199 maintained 
mitosis at the in vivo level for periods up to 
six hours; however, the nuclei of the cells 
showed signs of degeneration. After 24 or 
48 hours of culture the number of cells in 
mitosis decreased to about one-seventh the 
number in vivo. 

Neither rabbit serum ultrafiltrate nor rab- 
bit plasma ultrafiltrate maintained a normal 
number of cells in mitosis. In the former 
about one-fourth the number of cells re- 
mained in a state of mitosis and in the latter 
no dividing cells were observed after six 
hours of culture. 

Beef aqueous humor and rabbit vitreous 
humor were about equally effective in main- 
taining cell division. In both instances about 
one-half the cells continued to divide after 
six or nine hours of culture. 

The number of cells in mitosis in the epi- 
thelia of lenses cultured for nine hours in 
rabbit aqueous humor was indistinguishable 
from that of uncultured control lenses, and 
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the nuclei of the cells retained a normal ap- 
pearance. After 18 hours of culture, how- 
ever, the number of cells in mitosis decreased 
to an average of one third of the control 
lenses. 


DISCUSSION 


The use of the number of cells in mitosis 
as an index of adequacy of culture media 
appears to be a much more sensitive index 
than changes in various aspects of carbohy- 
drate metabolism or even sodium distribution 
between lens and environment. This follows 
from the observation that significant depres- 
sion of the number of epithelial cells in 
mitosis occurred after culture in media which 
maintained the lens in an apparently normal 
biochemical state. 

The physical conditions of culture, includ- 
ing procedures employed in removing the 
lens from the eye and introducing it into the 
culture tube, must be without deleterious ef- 
fect on cell division and nuclear development 
since the number of epithelial cells in mito- 
sis and the appearance of the nuclei of lenses 
cultured for nine hours in aqueous humor 
were indistinguishable from uncultured con- 
trol lenses. Thus, any depression of mitosis 
or tendency for nuclei to degenerate must 
result from a nonphysiologic chemical en- 
vironment. 

Among the various possible inadequacies 
the most likely would seem to be that the 
media may contain some toxic substance or 
that they may lack some essential nutrient, 
or both. With an exception to be noted below 
it is not feasible to distinguish with any de- 
gree of certainty between the several possi- 
bilities so far as a particular medium is con- 
cerned. From the standpoint of planning fu- 
ture experiments, however, it seems profita- 
ble to speculate concerning the relative role 
played by toxicity and deficiency with re- 
gard to interpreting the results obtained with 
the two most promising synthetic media. 

In TC medium 199, the number of epi- 
thelial cells in mitosis remained normal for 
six hours of culture, but the nuclei showed 
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signs of degeneration. This finding suggests 
that the medium contains all of the sub- 
stances necessary for mitosis but also con- 
tains a toxic constituent which causes the 
nuclei to degenerate. In KEI medium, the 
nuclei retained a normal appearance, but 
the number of cells in mitosis decreased. 
This suggests that there are no toxic sub- 
stances present in KEI medium so far as 
nuclear development is concerned, but that 
it lacks one or more substances necessary for 
cell division, or alternatively contains sub- 
stances inhibiting to mitosis. 

That toxic compounds exist in plasma 
seems probable from the observation that the 
number of cells undergoing mitosis, after 
nine hours of culture, decreased significantly 
upon addition of plasma to the KEI medium. 

While rabbit aqueous humor supported 
mitosis for nine hours it was observed that 
by the end of 18 hours of culture the num- 
ber of dividing cells decreased to one third 
of normal. Again the question arises as to 
whether the depressed mitosis is the result 
of toxicity, in this instance accumulation of 
toxic compounds, or whether some sub- 
stance and substances became depleted in 
the medium or lens or both. To investigate 
this problem two further experiments were 
performed. In the first, a lens was cultured 
for nine hours in one batch of aqueous 
humor and then replaced by a fresh lens 
which was cultured in the same batch of 
medium for an additional nine hours. The 
converse arrangement of culture conditions 
was employed in the second experiment, 
that is, at the end of nine hours of culture 
the aqueous humor was replaced by fresh 
aqueous humor and culture of the original 
lens was continued for another nine hours. 
No depression of mitosis was noted in either 
the lens cultured in medium previously used 
for nine hours or the lens cultured for 18 
hours in the two separate lots of aqueous 
humor (tables 4 and 5). 

The results from the first experiment 
would make it seem unlikely that the de- 
pression of mitosis which occurs between 


TABLE 4 


MITOTIC COUNTS IN LENS EPITHELIA AFTER CULTURE 
EXPRESSED AS PERCENTAGE OF THE CONTROL EVES 


- 


Vitro/ 


, Hr. in 
Lens Medium : vivo (in 
Culture percent) 
Rabbit aqueous humor: 
71 Previously used for 9 92 
72 culturin another 9 99 
73 lens for 9 hours 9 103 
68 Medium renewed al- 18 125 
69 ter 9 hours 18 92 
74 Solution A added af- 18 61 
75 ter 9 hours 18 8 
Solutions A and B18 47 


added after 9 hours 


18 29 


nine and 18 hours of culture in the same 
medium, results from the toxic effect of 
accumulated end products of metabolism. 
The second experiment, which shows that 
the addition of fresh aqueous humor at the 
end of nine hours of culture enables the 
epithelium to maintain a normal number of 
cells in mitosis, suggests that mitosis is de- 
pressed after nine hours because of the de- 
pletion of some essential substance dr sub- 
stances from the medium. However, again 
considering the first experiment, it is evi- 
dent that even though the medium after nine 
hours has become partially depleted, a fresh 
lens contains sufficient reserves to maintain 
mitosis at a normal rate. In other words, it 
appears that both the medium and the lens 
become partially depleted of those substances 
necessary for the maintenance of cell divi- 


TABLE 


AVERAGE MITOTIC COUNTS IN LENS EPITHELIA AFTER 
CULTURE EXPRESSED AS PERCENTAGE OF THE 
CONTROL EYES 


Culture Time in 


Medium Hours 
18 
Rabbit aqueous humor 
Previously used for culturing 
another lens for 9 hours 98 : 
Medium renewed after 9 hours . 108 
Solution A added after 9 hours MM 
Solutions A and B added after 


9 hours 438 
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TABLE 6 
PREPARATION AND COMPOSITION OF SUPPLEMENT SOLUTIONS A AND B* 
Mg./100 mil Mg./10 ml 
Solution A HA Solution B H 
Biotin 0.5 Thiamine HC! 0.5 
Pyridoxine HC! 6.0 Riboflavin 0.5 
Ca-pantothenate 5.0 Adenosinetriphosphate disodium salt 2.0 
Nicotinic acid 5.0 Ascorbic aci 188.0 
Folic acid 0.5 Sodium pyruvate 58.0 
Cytochrome C 0.5 Coenzyme A 1.0 
Inositol 0.5 Diphosphopyridine nucleotide 1.0 
Vitamin By 0.015 Alpha-ketog utaric acid 2.0 
Choline HCI 500 .0 Succinic acid 2.0 
P-aminobenzoic acid 1.0 L-cysteine HCI 20.0 


* 0.1 mil. of supplement solution was added to 5.0 ml. of medium after 9 hours of culture. 


sion during nine hours of culture. Whether 
depletion occurs primarily because of utiliza- 
tion of nutrients by the lens or in part be- 
cause of their chemical lability cannot be 
determined from the present experiments. 
In an attempt to identify the compounds 
involved, and thus perhaps gain some insight 
into the nature of some compounds which 
seem essential for mitosis, several substances 
(table 6) which might be expected to be 
present initially in the aqueous humor in 
trace amounts, or to have disappeared be- 
cause of chemical lability, were added to 
aqueous humor after nine hours of culture. 

Fortification of the aqueous humor after 
nine hours of culture with solution A, or 
solutions A and B did not result in the 
maintenance of a normal number of cells 
in mitosis (tables 4 and 5). The identity of 
those substances which become depleted thus 
remains unknown. 


SUMMARY 


The ability to maintain normal mitosis 
in epithelial cells of cultured lenses has been 
used as a measure of the adequacy of various 
culture media. 

The degree of effectiveness of the nine 
media tested in maintaining cells in mitosis 
following six to nine hours of culture is 
shown below. The figures in parentheses rep- 
resent the percentage of the average number 
of epithelial cells in mitosis of the cultured 
lens divided by the number in the control 
lens, 


Rabbit aqueous humor (107 ) 

TC medium 199 (103) 

KEI medium (57) 

Beef aqueous humor (53) 

Rabbit vitreous humor (42) 

Inorganic constituents of KEI medium 
plus 125 mg. percent glucose (34) 

Rabbit serum ultrafiltrate (25 ) 

KEI medium with plasma (17) 

Rabbit plasma ultrafiltrate (0) 


Rabbit aqueous humor and TC medium 
199 both maintained a normal mitotic count 
but the nuclei of the cells in the synthetic 
medium showed signs of degeneration. The 
nuclei in the KEI synthetic medium were 
normal in appearance. 

In general, extension of the period of cul- 
ture reduced the number of cells in mitosis. 
Substitution of fresh aqueous humor, or a 
freshly renewed lens after nine hours of 
culture in aqueous humor, prevented the de- 
crease in the number of dividing cells. It 
is concluded that some essential substance 
is depleted in both the medium and in the 
lens during the course of the first nine hours 
of culture. The identity of this substance or 
substances could not be established. 

The use of the number of cells in mitosis 
appears to afford a much more sensitive in- 
dex of the adequacy of a medium for lens 
culture than deviation from normal of the 
levels of various chemical constituents of the 


lens. 


690 Mullett Street (26). 
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De. H. L. Ormsey (Toronto, Canada): I wish 
to congratulate the authors on their rather unique 
approach to the problem of in vitro cultivation of 
whole lenses. The use of mitotic activity would 
appear to offer a sensitive method for ascertaining 
the adequacy of various synthetic media in sup- 
porting the metabolism of the lens. 

Those of us who have watched the developments 
in the tissue-culture field will appreciate the prob- 
lems still to be worked out in the development of 
synthetic media. These problems are essentially 
those of finding, by the process of addition and sub- 
traction, a complete supportive media for the growth 
of an individual tissue. Initially, tissue-culture meth- 
ods depended on complex components such as serum 
and tissue extracts; and, even with the improvement 
of synthetic media, it is still necessary, in most in- 
stances, to add varying amounts of these extracts. 

It seems appropriate for research teams working 
on physiologic problems of the eye to apply the 
present techniques in the studies of synthetic media 
to the metabolism and growth of ocular tissue. This 
is obviously a difficult and complex problem but, in 
time, it is almost certain that a synthetic medium 
will be found which will support the metabolism 
of the lens. When this occurs, the way will be open, 
by varying the media, to a further understanding 
of the chemical changes involved in the metabolism 
of normal lenses and in pathologic states. 

De. Jounw E. Harris (Portland, Oregon) : I cer- 
tainly would agree with Dr. Ormsby that this is an 


excellent presentation. The question of when a cell 
is living or dead is not always easy to answer, The 
authors have undoubtedly chosen a most rigorous 
criterion by which to determine the efficacy of their 
culture media. 

I was wondering whether you might have tried 
graded oxygen levels. | was thinking of some ex- 
periments on tissue culture, by Osgood and his 
associates, employing what they term a “gradient 
culture” of leukemic leukocytes. In effect they sus- 
pend cells in a tube of media and find that they 
obtain best reproduction at a definite critical level 
below the surface. This may be due to a critical 
oxygen tension or to some other more subtle influ- 
ence still undetermined. 

Dra. Cart. Wacutt (in closing): I would like to 
thank Dr. Ormsby for discussing the paper. 

In answer to Dr. Harris, we use a relatively low 
oxygen level, seven percent, which will give rise to 
a concentration in the medium similar to that found 
by Dr. Friedenwald in aqueous humor. 

In our system, we cannot determine oxygen up- 
take ;; but we can determine directly metabolic activi- 
ties by analysis of different intermediates in the me- 
dium following culture. 

For instance, it is known that some glycolysis 
takes place; but the path of metabolism beyond that 
is not quite certain. Some think the citric acid cycle 
is followed; and some think the path is through 
phosphogluconic acid, ribulose phosphate, and so 
forth. This question would need clarification. 
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ASCORBIC-DEHYDROASCORBIC ACID AS AN OXIDATION- 
REDUCTION SYSTEM* 


IN THE MAINTENANCE OF THE METABOLISM OF LENS CULTURED IN VITRO 


I. WEIGHT AND CATION EQUILIBRIUM 


Bernarp Scuwartz, M.D., anp P. J. Letnrecper, M.D. 
( With the technical assistance of Arnold Tammes, B.A., Cand. Amsterdam ) 


lowa City, lowa 


INTRODUCTION 


In order for a tissue to be an efficient 
transmitter of light, it must be homogeneous 
with respect to maintaining a constant index 
of refraction. This can be achieved by hav- 
ing cells of the same index of refraction ar- 
ranged parallel, by maintaining minimal 
space between these cells, and excluding sub- 
stances such as hemoglobin which would 
interfere with the transmission of light. The 
latter two requirements can be obtained with 
minimal extracellular space and avascularity. 

The tissues that compose an optical sys- 
tem require an active metabolism to main- 
tain themselves and regulate their intra- 
cellular and extracellular space relationships. 
If this metabolism is partly respiratory in 
nature then it is assumed to contain hydro- 
gen transport systems. Oxygen as an hydro- 
gen acceptor must then be available in the 
surrounding media in sufficient amounts to 
meet the respiratory requirements of the 
tissues. However, it is conceivable that in an 
avascular environment other substances may 
act as hydrogen acceptors. 

With these considerations in mind, one 
can turn to the eye where tissues with opti- 
cal properties exist. The cornea, lens, vitre- 
ous, and aqueous are transmitters of light. 
Associated with their transparency is a mini- 
mum extracellular space and an avascularity. 
Figure 1 illustrates the relative proportion 
of vascular and avascular mass in the eye. 

The cornea and lens are well known to 
have an active metabolism and recent work 


*From the Department of Ophthalmology and 
Physiology, College of Medicine, State University 
of lowa. 


by Zeller (1955) has demonstrated anabolic 
enzymes in the vitreous. 

The glycolytic activity of the lens and 
cornea has been well established experi- 
mentally (Bellows, 1944, Nordmann, 
1954*). The question of respiration of these 
tissues has been considered in terms of oxy- 
gen uptake and carbon-dioxide production. 
But Christiansen and Leinfelder (1952) 
have recently thrown doubt on the value of 
oxygen uptake studies as indicative of res- 
piration in the lens. They interpreted the 
oxygen uptake as nonenzymatic—the repre- 
sentation of auto-oxidation of reduced sub- 
stances. 

There is, however, other evidence indicat- 
ing that elements of the respiratory cycle 
(or rather hydrogen transport system) occur 
in these tissues. Kinsey and Frohman 
(1951) have demonstrated the presence of 
cytochrome C and riboflavin in the lens epi- 


thelium. Herrmann and Hickman (1948) 


oh 


Fig. 1 (Schwartz and Leinfelder). Vascular and 
avascular mass in the eye. 
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have indicated the presence of cytochrome 
and Bessey and Lowry (1944) identified 
riboflavin in the corneal epithelial layers. Ely 
(1951) has also shown the oxidation of 
members of the Krebs citric acid cycle by 
lens homogenates. 

Further evidence for respiratory activity 
has been shown by in vitro and in vivo 
studies indicating the requirements of oxy- 
gen by lens and cornea to maintain physio- 
logic steady states. Harris et al. (1954) dem- 
onstrated the aerobic dependence of the lens 
for reversing a cold-induced cation shift. 
Schwartz, Danes, and Leinfelder (1954) re- 
lated weight maintenance (and presumably 
water content) in lens and cornea with the 
presence of oxygen. Davson (1955) has also 
demonstrated recently corneal dependence 
on oxygen in vitro in order to prevent hydra- 
tion. Similar observations have been noted 
in vivo by Langham (1952) and by Smelser 
and Ozanics (1953) with regard to corneal 
hazing produced by contact lenses. 

Associated with the avascularity and 
transparency of optical tissues is the pres- 
ence of high concentrations of reduced sub- 
stances which have been identified as 
ascorbic acid and reduced glutathione in the 
lens (Henkes, 1944) and cornea (Herr- 
mann and Moses, 1945; Pirie, 1946). These 
substances are mainly concentrated in the 
superficial or epithelial layers. Only ascorbic 
acid is found in the aqueous ( Nakamura, 
1935) and vitreous (Johnson, 1936). There 
is usually found associated with these re- 
duced substances their oxidized counter- 
parts—dehydroascorbic acid and oxidized 
glutathione. They are present in smaller con- 
centrations as identified in the lens ( Podesta 
and Baucke, 1938) and aqueous (Langham, 
1950, Kinsey, 1950). 

Several theories have been advanced in 
order to explain the high level of aqueous 
ascorbic acid (Bellows, 1944”). One hy- 
pothesis has been the direct synthesis of 
ascorbic acid by the lens. This has largely 
found no experimental support. 

Goldmann and Buschke (1935, 1936) pro- 
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posed that ascorbic acid enters the eye from 
the blood in the oxidized form, dehydro- 
ascorbic acid, and is reduced to ascorbic 
acid by the lens. The ascorbic acid is then 
considered impermeable and cannot escape 
through the blood-aqueous barrier, Their 
conclusion in regard to the ability of the 
lens to reduce dehydroascorbic acid followed 
from the observation that in aphakic eyes 
the concentration of ascorbic acid is dimin- 
ished while the dehydroascorbic acid level is 
raised. 

Kinsey (1950) reinvestigated this prob- 
lem and found no ascorbic acid formation 
after injection of dehydroascorbic acid in 
enucleated eyes and in vivo. However, the 
time used was physiologically small (in the 
order of six minutes) and the concentration 
of dehydroascorbic acid was much greater 
than physiologic levels. Langham (1950) 
confirmed again Goldmann and Buschke’s 
observation of a decrease in the concentra- 
tion of ascorbic acid and an increase in the 
concentration of dehydroascorbic acid in the 
aphakic eye. 

The third hypothesis is that advanced by 
v. Eckelen et al. (1934) and Friedenwald 
et al. (1939, 1941, 1943) of the secretion of 
ascorbic acid by the ciliary epithelium. In 
support of this hypothesis are the in vivo 
experiments of Kinsey (1950) and Langham 
(1950) which indicate an active secretory 
process for aqueous ascorbic acid production 
whose level increases with plasma levels. 
However, there is a definite barrier against 
the diffusion of dehydroascorbic acid from 
blood to aqueous when the secretory mecha- 
nism for ascorbic acid is unsaturated with 
ascorbic acid. Blood dehydroascorbic acid is 
then converted into ascorbic acid and se- 
creted as such into the aqueous, If the sys- 
tem is first saturated with ascorbic acid, 
however, then dehydroascorbic acid from the 
blood penetrates the barrier (Langham, 
1950). 

These observations indicate not only a 
secretory system for ascorbic acid, but also 
an active mechanism attempting to maintain 
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the aqueous, which is not necessarily cor- 
related with ascorbic acid secretion. 

As both ascorbic acid and dehydroascorbic 
acid exist in the aqueous they form a thermo- 
dynamically reversible oxidation-reduction 
system. A definite redox level exists in the 
aqueous, vitreous, and lens (about +100 
m.v.) which Nordmann (1954") believes is 
stabilized by ascorbic-dehydroascorbic acid. 

It should also be noted that these sub- 
stances exist in aqueous whose oxygen con- 
tent (0.08 to 0.12 vol. percent, Frieden- 
wald and Pierce, 1933) is about one hun- 
dredth the level of blood oxygen. The ques- 
tion arises as to whether this oxygen level 
is sufficient to supply the respiratory re- 
quirements of the tissues of the anterior 
chamber in their need for an hydrogen ac- 
ceptor. 

In view of the seeming paradox of the 
avascular optical tissues which need hydro- 
gen acceptors for active respiratory metabo- 
lism under anoxic conditions and the fact 
that ascorbic acid and dehydroascorbic acid 
both exist in the aqueous, it is suggested 


a constant level of dehydroascorbic acid in 
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that the problem should be reinvestigated 
with several additional criteria. 

It is postulated that both dehydroascorbic 
acid and ascorbic acid are maintained in the 
aqueous at a definite ratio forming a steady 
state. Thus there exists a redox potential be- 
tween these substances. Under the relatively 
anoxic conditions of the anterior chamber 
the respiratory system of the lens and cornea 
pass their hydrogen onto dehydroascorbic 
which thus acts as an hydrogen acceptor. 
This transport is best facilitated at the 
physiologic redox level. Both compounds are 
needed at a definite redox level under an 
anoxic environment (fig. 2). 

In this way the respiratory metabolism of 
the ocular refractive media can be main- 
tained by the use of dehydroascorbic acid 
as an hydrogen acceptor without involving 
an Opaque respiratory pigment. 

To obtain experimental evidence for this 
hypothesis the following experiments were 
performed. Lenses were maintained in vitro 
for 48 hours in artificial aqueous under 
anoxic conditions with added amounts of de- 
hydroascorbic acid and/or ascorbic acid, so 
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Fig. 2 (Schwartz and Leinfelder). Schematic concept of ascorbic-dehydroascorbic acid as an 


oxidation-reduction system in the aqueous. 
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that a definite redox potential was obtained. 
As ascorbic and dehydroascorbic acid are 
unstable due to their ease of oxidation, their 
effect had to be defined under anoxic condi- 
tions. Comparison of metabolic activity was 
then made by comparing these lenses with 
lenses under nitrogen and air atmospheres. 
pH was maintained relatively constant in the 
physiologic range. The redox potentials and 
pH values of the culture fluid were meas- 
ured. The weight change of the lenses and 
sodium, potassium, glucose, lactic acid, ascor- 
bic acid, and dehydroascorbic acid were 
measured in both fluids and lenses. This 
paper will limit itself to discussion of so- 
dium, potassium, and weight changes. 


MATERIALS AND MeTHODs 


Essentially the same technique as previ- 
ously outlined (Schwartz, Danes, and Lein- 
felder, 1954) was followed. 

An attempt was made to maintain a phys- 
iologic culture media by obtaining (1) asep- 
sis, (2) solutions approximating aqueous 
regarding tonicity (152 milliosmoles), glu- 
cose (80 mg. percent), and salt content, (3) 
a physiologic pH range by the use of a 
bicarbonate buffer, and (4) constant tem- 
perature by incubation at 37.5°C. 

The bovine lens was used for all studies. 
These were obtained four to five hours after 
enucleation from the abattoir* and arrived 
packed in ice. 

The experimental solution used was an 
artificial aqueous solution devised by Mer- 
riam and Kinsey (1950). The lactic acid 
and urea ingredients however were omitted.' 

The solution was prepared and autoclaved 
as required without sodium bicarbonate 
which was autoclaved separately. (Previ- 


*Courtesy of Wilson and Company, Cedar 
Rapids, Iowa. 

t The constituents used are : Sodium chloride (0.90 
percent) 100 ml.; potassium chloride (1.15 percent) 
5.0 ml.; calcium chloride (1.22 percent) 1.0 mi.: 
magnesium sulfate hepta hydrate (3.82 percent) 0.6 
mil.; monobasic potassium phosphate (2.11 percent) 
1.0 ml.; sodium bicarbonate (1.30 percent) 42.0 ml. ; 
dextrose (12.0 percent) 1.0 ml. ; total, 150.6 ml. 
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ously we had filtered the sodium bicarbonate 
through a Selas filter.) After cooling, the 
sodium bicarbonate was thoroughly gassed 
with 100-pércent carbon dioxide for 20 min- 
utes and then added in proper proportions 
to make up the final solution. One-hundred- 
percent carbon dioxide was then bubbled 
through this final solution for 10 minutes 
followed by five-percent carbon dioxide in 
air for approximately 20 minutes so that a 
pH of about 7.30 was obtained. Five-hun- 
dred cc, of this solution were then placed 
in 500-cc, flasks which were sealed with a 
rubber sleeve. The resultant pH obtained 
after equilibrium had taken place was about 
7.40. A 500-cc. volume was used so that 
more than an adequate buffering system was 
provided for the lens metabolism. 

The solutions were then incubated for 
four to five days. Any cloudiness of the 
media was considered as contamination and 
these solutions were discarded. 

The use of a bicarbonate buffer and ascor- 
bic acid and dehydroascorbic acid solutions 
required the anaerobic determination of pH 
of the solutions. This was done using a hypo- 
dermic electrode with a Beckman pH meter. 
Redox potentials were also measured using 
the Beckman model and a platinum wire 
electrode, Both the pH glass and platinum 
electrodes were placed in an air tight glass 
chamber of our own design, and solutions 
were then introduced with a hypodermic 
needle and syringe through a rubber sleeve 
(as illustrated in figure 3). Both pH and 
redox could thus be measured on the same 
sample anaerobically. It was determined that 
each electrode did not influence the reading 
of the other electrode, when one was dis 
connected out of the circuit. pH  read- 
ings showed usually no more variation 
than + 0.02 units while the redox values 
varied + 10 millivolts. 

Gassing tubes were designed to fit the 
mouth of the 500-cc, flasks. These tubes as 
diagramed (fig. 4) essentially consisted of a 
long glass entrance tube surrounded by an 
exit chamber. Gas could be introduced 


To Beckmon ph meter 


Fig. 3 (Schwartz and Leinfelder). Glass chamber 
for anaerobic pH and redox determinations. 


through the rubber sleeve of the entrance 
tube with a hypodermic needle allowed to 
bubble through the solution and then escape 
via a hypodermic needle placed in the exit 
tube. A solution could thus be thoroughly 
gassed. 

The lenses were handled with aseptic tech- 
nique ; the greatest possible precautions were 
taken to maintain sterility. They were re- 


ng needle 
with cotton plug 


Rubber sleeves 
Poraffin seal 


5% Co, 
ond 95% N 2 


Gassing tube 


.. Bovine lens 


Fig. 4 (Schwartz and Leinfelder). Gassing flask 
for in vitro culture of bovine lens. 
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moved intact by an anterior approach. 
Lenses with ruptured or punctured capsules 
were discarded. After removal the lens was 
blotted dry and weighed on a torsion balance 
with an accuracy of + 2.0 mg. Each lens was 
then placed in the 500 cc. incubated solutions 
and a rubber sleeve or a gassing tube used to 
seal the mouth of the flask if gassing was 
required. The glass-rubber connections of 
the gassing tubes (as an extra precaution 
against leaks) were sealed with paraffin. 

The flasks with lenses were then incubated 
at 37.5°C. for a period of five to six hours. 
As these lenses arrived packed in ice (about 
7°C.) they gained weight with this low 
temperature (Schwartz, Danes, and Lein- 
felder, 1954) and underwent a cation shift 
(Harris, 1953). To partially offset this 
shift, an equilibrium period of five to six 
hours at 37.5°C. was used. 

The solutions were then gassed with five- 
percent carbon dioxide and 95-percent nitro- 
gen for 15 minutes. The gas was passed 
over hot copper pellets in a quartz tube in 
order to remove all residual oxygen. 

L,-dehydroascorbic and/or L - ascorbic 
acid* were then added to these solutions. 
These compounds were kept at 4°C. in 
sealed bottles, being opened just prior to use. 
Physiologic concentrations of ascorbic and 
dehydroascorbic acid were used, in amounts 
of 20 mg. percent for ascorbic (except in 
one experiment where 30 mg. percent was 
used) and 5.0 mg. percent for dehydroascor- 
bic. Each substance was added separately 
(the ascorbic acid after the dehydroascorbic 
acid) by making up the desired concentra- 
tions with “nitrogenized” artificial aqueous 
in a syringe and injecting into the flasks 
through a Swinny filter to obtain a sterile 
solution. It was noted that ascorbic acid dis- 
solved readily in the solution but dehydro- 
ascorbic acid dissolved poorly. 

The glass-rubber connections were then 
resealed with paraffin and the level of the 
fluid in the central gassing tube marked. 


* Nutritional Biochemical Company, Cleveland, 
Ohio. 
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The solutions were then returned to the 
incubator. 

After approximately 48 hours observa- 
tions were made, The fluid level in the cen- 
tral gassing tube was noted as well as the 
color of the solutions and which surface of 
the lens rested on the bottom of the flask. 
Any opacities or changes in transparency of 
the lens were recorded. 

Samples of fluid were then withdrawn 
from the flasks through the rubber sleeves 
with a hypodermic syringe and injected into 
the anaerobic pH and redox chamber, thus 
allowing minimal contact with air. pH and 
redox values were then recorded at room 
temperature. Fluid samples for biochemical 
determination were withdrawn anaerobically 
and aerobically. The anaerobic samples were 
delivered into containers under oil. All sub- 
stances for biochemical analysis contained 
2.0 ml. of a three-percent sodium fluoride 
solution. The lenses were then removed, 
dried, and weighed, and placed in usually 
30 cc. of the fluid sample under paraffin oil. 
The samples were then stored at — 20°C. 

Blanks (flasks) with no tissues present as 
well as controls in all experiments were run. 

Solutions that appeared cloudy at the end 
of the experimental period were considered 
contaminated and discarded. 

Sodium and potassium were measured us- 
ing the Baird flame photometer. Sodium and 
potassium values were calculated as milli- 
equivalents per liter for the fluids and milli- 
equivalents per 100 gm. for lens-corrections 
being made for dilution factors, Weight 
changes are expressed as percent gain of 
initial weight. 

OBSERVATIONS 


The data regarding the pH and redox de- 
terminations are presented in Table 1. 

The means of the pH varied from 7.34 
to 7.58 while the means of the redox values 
varied from +137 to —83. 

The solutions gassed with five-percent 
carbon dioxide and nitrogen had the highest 
pH while the ascorbic acid were the lowest. 
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However, the important consideration is that 
although the pH fluctuated in what we con- 
sider a physiologic range, the redox varied 
widely with the experimental conditions. 

Thus when ascorbic acid was used alone 
a negative redox value was obtained. De- 
hydroascorbic acid alone provided a low 
positive value. A combination of these sub- 
stances gave a negative value between de- 
hydroascorbic acid and ascorbic acid. An air 
atmosphere gave a high positive value while 
the nitrogen atmosphere redox was between 
air and dehydroascorbic acid. Thus a range 
of redox values was obtained fairly readily 
while maintaining a relatively physiologic 
pH. 

It will be noted that with these experi- 
ments we were unable to obtain, with the 
concentrations used of ascorbic-dehydro- 
ascorbic acid, a redox level of about + 100 
millivolts which would simulate the aqueous 
level. 

Gross observations of the flasks and the 
lenses provided the following findings : 

1. The surface of the lens that rested on 
the bottom of the flask usually by the end 
of 48 hours showed a small central opacity, 
grayish-white in nature and apparently con- 
fined to the capsular surface. Otherwise no 
significant changes or opacities were noted 
in the lens. 

2. Small multiple gas bubbles were noted 
forming a ring at the equator of the lens 
and/or covering its posterior surface in 
many experiments, They occurred particu- 
larly in the dehydroascorbic acid-ascorbic 
acid experiments, although a few were noted 
in the ascorbic acid or dehydroascorbic acid 
flasks. 

3. The fluid level in the gassing tubes was 
usually high in the flasks containing ascorbic 
acid or ascorbic-dehydroascorbic acid. If we 
consider the flasks as sealed tight, then the 
raised level is probably an expression of in- 
creased gas pressure within the system. This 
may be due to generation of carbon-dioxide 
from the bicarbonate medium through the 
action of the ascorbic acid. 
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4. There was a definite color change in 
some of the solutions containing ascorbic 
acid, dehydroascorbic acid, or both, that in- 
creased with time. We had previously noted 
that ascorbic acid solutions under our ex- 
perimental conditions with an air atmosphere 
turned dark brown in color, the intensity in- 
creasing with time. This was believed to be 
due to aerobic decomposition of the ascorbic 
acid. However, with the use of completely 
“nitrogenized” solutions this change was 
avoided except some minor color changes 
were noted as follows: 


Experimental Number of 
Variable Flasks Color 
Ascorbic- 
acid solutions 7 Clear 
2 Yellowish tinge 
l Brownish tinge 
Dehydroascorbic- 
acid solutions 2 Clear 
4 Yellowish tinge 
3 Brownish tinge 


Ascorbic-dehydro- 


ascorbic acid 
solutions Yellowish tinge 
Brownish tinge 


No correlation was noted between the color 
of the solution and the pH or redox, the ab- 
sence or presence of a lens, or with changes 
in the weight, sodium or potassium content 
of fluids or potassium content of the lenses. 

The color reactions may represent some 
degenerations due to residual oxygen, or the 
anaerobic decomposition reported with de- 
hydroascorbic acid solutions. (Rosenfield, 
1943). 


WEIGHT CHANGE 


Weight change as percent of initial weight 
of the lenses is plotted against the redox 
values. As each experimental condition, for 
example, ascorbic acid, dehydroascorbic acid, 
nitrogen, and so forth, occupied a range on 
the redox scale all the experimental values 
can be chartered on one graph as illustrated. 

The initial weight of the lenses will be 
greater than the physiologic level due to the 
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fact that they were measured immediately 
after the lenses were removed from enucle- 
ated eyes packed in ice. Their weight gain 
thus represents a cold-induced hydration. 
Recovery with loss of weight should occur 
with incubation temperature (Schwartz, 
Danes, and Leinfelder, 1954). 

The plotted results (fig. 5) show a slight 
weight loss with an air atmosphere, little 
if any significant gain under nitrogen, but 
a definite weight loss with dehydroascorbic 
acid, Lenses in ascorbic and dehydroascor- 
bic-ascorbic acid both showed increased 
weight gain. 


SopiuM/POTASSIUM RATIOS OF FLUID 


Similarly the sodium/potassium ratios of 
the fluids (expressed in milli-equivalents per 
liter) in which the lenses were cultured were 
plotted against the redox values of the so- 
lutions, 

Graphically (fig. 6) these results are ex- 
pressed as the ratio between the experi- 
mental fluids and the average value of con- 
trol fluids in which no lenses were placed. 

Results indicate that the ratio decreases 
under nitrogen, rises again with dehydro- 
ascorbic acid, decreases slightly with dehy- 
droascorbic-ascorbic acid, and shows a fur- 
ther decrease with ascorbic acid. 


ARSOLUTE POTASSIUM CONTENT OF LENSES 


The absolute calculated potassium content 
of the lenses (as milli-equivalents per 100 
gm.) is charted against the redox value of 
the solutions (fig. 7). 

The line parallel to the abscissa represents 
the average value of seven lenses determined 
after removal from the globe. 

With a nitrogen atmosphere there appears 
to be a tendency for a decrease in potassium 
content. Dehydroascorbic acid and dehydro- 
ascorbic-ascorbic acid solutions tend to 


slightly lower potassium levels below average 
values, With ascorbic acid there is a definite 
lowering effect. 
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DISCUSSION 


The proper evaluation of the proposed 
hypothesis required a variation of redox 
potential under conditions of anoxia and 
physiologic pH. It was hoped in this way 
that dehydroascorbic-ascorbic acid could thus 
be shown to maintain physiologic function, 
such as weight and cation equilibrium. 
Ascorbic acid and dehydroascorbic acid were 
used alone in order to evaluate their indi- 
vidual effects. 

The results indicate that the pH range 
was maintained within physiologic limits 
while a definite variation of redox potential 
was obtained. 

Relative anoxia was maintained as shown 
by the absence of marked “browning” reac- 
tions of the ascorbic and dehydroascorbic 
acid solutions. Although some minor color 
changes were observed these may be due to 
residual oxygen or anaerobic decomposition. 

One other factor entering into the inter- 
pretation of the observations was the varia- 


ble of which surface of the lens rested on the 
flask bottom. This factor would be con- 
sidered important especially if the anterior 
surface of the lens rested downward. Pres- 
sure changes through the capsule on the 
epithelium and poor exposure to the solution 
may affect the water content and cation ex- 
change if the epithelium is considered as the 
source of adenosinephosphates for the lens 
(Frohman and Kinsey, 1952). 

A major consideration of the hypothesis 
is the redox level at which hydrogen trans- 
port optimally occurs. Extremes of potential 
would theoretically inhibit this transport and 
affect lens metabolism. Thus it could be 
argued (table 2) that at high positive or 
negative potentials weight gain, decrease in 
sodium/potassium ratios of the culture fluid, 
and loss of potassium from the lenses would 
occur, The changes in the cation equilibrium 
and hydration would then express a meta- 
bolic defect. These changes were seen to 
occur readily under our experimental condi- 
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TABLE 2 
SUMMARY OF OBSERVATIONS 
A COMPARISON BETWEEN HYPOTHETIC AND OBSERVED RESULTS 


Weight Change of Lens 


Na/K of Solutions K Concentration of Lens 


ariable Hypothetic Observed Hypothetic Observed Hypothetic Observed 
Air - t + + be t 
DHA - - + + + t 
AA-DHA + t - t m4 
AA + + 


tions with nitrogen atmosphere and ascorbic 
acid solutions where no hydrogen acceptor 
was available. When the physiologic redox 
level was reached with dehydroascorbic acid 
(which could then act as an hydrogen ac- 
ceptor under anoxic conditions), a reversal 
of the changes under nitrogen occurred as 
evidenced by a weight loss and increase in 
the sodium/potassium ratio of the culture 
fluid and a relative steadiness of the potas- 
sium level in the lens. In these experiments 
however the “ideal” physiologic redox level 
using ascorbic-dehydroascorbic acid was 
not obtained. 

Because of the biologic variability inherent 
in the use of many lenses the results must be 
interpreted in terms of trends or qualitative 
data. 

Experiments are in progress to continue 
these studies in terms of ascorbic acid- 
dehydroascorbic acid concentrations with 
perfusion on a single lens in vitro. 


SUM MARY 


1. An hypothesis is outlined whereby 
ascorbic-dehydroascorbic acid acting as an 
oxidation-reduction system serves to trans- 
port hydrogen from the ocular avascular 
respiratory metabolic tissues. It is proposed 
that both these substances are maintained 
at steady state ratios in the anoxic aqueous 


at a definite redox level. 

2. Bovine lenses were cultured in vitro 
under conditions of physiologic pH. 

3. Ascorbic, dehydroascrobic, and ascor- 
bic-dehydroascorbic acid were added to the 
culture under anoxic conditions so that a 
range of redox levels was obtained. 

4. It was observed that at low positive 
redox values dehydroascorbic acid reversed 
the effects of weight gain, shift in sodium/ 
potassium ratio, and decrease of lens potas- 
sium caused by anoxic atmospheres. 

5. Ascorbic acid and ascorbic-dehydro- 
ascorbic acid at negative redoxes favored 
the nitrogen effect. 

6, These observations are interpreted in 
terms of dehydroascorbic acid acting under 
nitrogen to allow the lenticular hydrogen 
transport process to occur and thus raising 
the production of metabolic energy to main- 
tain weight and cation equilibrium. 

University Hospitals. 


We wish to thank Miss Louise Welter for as- 
sistance ih part of the experimental work. 


ADDENDUM 


After presentation of this paper, it was noted 
that, in calculating the redox values in terms of 
Eh, the value for the calomel electrode had been 
neglected. As this is constant throughout all the 
experiments, the corrected redox values will be 
somewhat more positive in amount. 


REFERENCES 


Bellows, J. G.: Cataract and Anomalies of the Lens. St. Louis, Mosby, 1944, (a), pp. 215-224. 
Ibid (b), pp. 229-236. 
Bessey, O. A., and Lowry, O. H.: Factors influencing the riboflavin content of the cornea. J. Biol. Chem., 
155 :635, 1944. 


2M 
— 


METABOLISM OF THE LENS 235 


Christiansen, G. S., and Leinfelder, P. J.: A critical study of lens metabolism. |. Nonenzymatic Respira- 


tion. Am. J. Ophth., 35 :21-32 (May, Pt. 11) 1952 


Davson, H.: The hydration of the cornea. |. Biochem., $9 :24-28, 1955 


v. Eckelen, M.., et al. : Cited in Bellows, p. 229. 
Ely, L. 


.: The oxidation of lactic acid, pyruvic acid, and various members of the citric-acid cycle by 


bovine lens homogenates. Am, J]. Ophth., 34:127-130 (May, Pt. 11) 1951, 


Friedenwald, |. S., and Pierce, H. F.: Respiratory functions of aqueous. Tr 


156, 1933. 


Friedenwald, et al. : Cited in Bellows, p. 229. 


Frohman, C. E., and Kinsey, V. E.: Studies on the crystalline lens: V 


Am. Ophth. Soe., 31:143- 


Listributions of various phos 


phate-containing compounds and its significance with respect to energetics. Arch. Ophth., 48:12-18, 1952 
Goldmann, H., and Buschke, W.: Cited in Bellows, p. 233 


Harris, J. E., Gehrsitz, L. B., and Nordquist, L 


T.: The in vitro reversal of the lenticular cation shift 


induced by cold or calcium deficiency. Am. J], Ophth., 36:39 (June, Pt. 11) 1954. 


Harris, |. F., Hauschildt, |. D., and Nordquist, L 
cation shift: Il. The effect of oxygen and glutamic acid. Am. | 


Lens metabolism and studied with the reversible 


Ophth., 38:148-152 (luly, Pt. 11) 1954 


Henkes, H. E.: Ueber die Verteiling des Vitamin C in die Lense des Auges. Ophthalmologica, 108:11- 


43, 1944. 


Herrmann, H., and Hickman, F. H.: Exploratory studies in corneal metabolism. lohns Hopkins Hos 


pital Bull., 82:225, 1948 


Herrmann, H., and Moses, S. G.: Content and state of glutathione in tissues of the eye. |. Biol. Chem. 


158 :33, 1945. 


Johnson, S. W.: Cataract and ascorbic acid in the guinea pig eve. Biochem 


1, 30 :14.30-1437, 1936 


Kinsey, V. E.: Dehydroascorbic acid-ascorbie acid in the aqueous humour of rabbits. Am. J. Ophth., 


33 :257-268, 1950. 


Kinsey, V. E., and Frohman, C. E.: Studies on the crystalline lens distribution of cytochrome, total ribo 


flavin, lactate, and pyruvate and its metabolic significance. Arch. Ophth., 


46 536-541, 195! 


Langham, M.: The transfer of L-ascorbie acid and dehydro L-ascorbic acid into the aqueous humour 


of the rabbit and cat. | Physiol., 3 ‘3RR-393, 1950. 


: Utilization of oxygen by the component layers of the living cornea. | 


1952. 


Merriam, F. C., and Kinsey, V. E.: 


Vhysiol, 117 461-470, 


Studies on the crystalline lens. |. Techme for im vitro culture of 


crystalline lenses and observations on metabolism of the lens. Arch. Ophth., 43 °979, 1950 
Nakamura, B., and Nakamura, O.: Ueber das Vitamin C im der linse und dem Kammerwasser der 


menschlichen Katarakte. Arch. f. Ophth., 134:197, 1935 


Nordmann, ].: Biologie du Cristallin. Paris, Masson et Cie, 1954, (a), p. 227-231 


[hid. (b), pp. 186-190 


Pirie, A.: Ascorbic acid content of cornea, Biochem. |., 40:96, 1946 
Podesta, H. H., and Baucke, J.: Woher Kommt das Vitamin (© im der verschiedenen Geueben des 


Auge? Arch. f. Ophth., 139:720-731, 1938. 


Rosenfield, B.: The irreversible transformation of dehydroascorbic acid. |. 


1943 


Biol. Chem., 150 :281-305, 


Schwartz, B., Danes, B., and Leinfelder, P. 1.: The role of metabolism in the hydration of the isolated 
lens and cornea. Am. J. Ophth., 38 :182-194 (July, Pt. 11) 1954. 


Smelser, G. K., and Ozanies, V.: 
lenses, Arch. Ophth., 49 :335-340, 1953 
Zeller, A. E.: 
Ophth., Rochester, Minn., April, 1955. 


Structural changes in corneas of guinea pigs after wearing contact 


Some aspects of phenol coupling in the cornea and vitreous. Midwest Sect. A. Research 


DIscuSSION 


De. V. Evererr Kinsey (Detroit, Michigan): I 
want to commend Dr. Schwartz and Dr. Leinfelder 
on the novelty of this approach to the subject. It 
is similar in a number of respects to some of the 
early work, I believe, of Thunberg, where methy- 
lene blue was used as a receptor, and may well 
lead to a better understanding of the reduction sys- 
tem which appears to operate in the lens, either 
with or without benefit of oxygen 

There are several points which occur to me. First, 


I think the evidence is weak that the ascorhiec-acid 
level of the aqueous humor is affected with removal 
of the lens. We have recently published the results 
of some experiments in which it was shown that the 
ascorbic acid level in the aqueous humor in aphakic 
patients was normal. The earlier experimental re 
sults referred to by Dr. Schwartz disagree with ours 
primarily because the investigators did not take into 
account the fact that the ascorhiec acid level m the 
aqueous humor is quite dependent on the blood level ; 
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thus it is not possible to draw valid conclusions con- 
cerning the role of the lens in determining the as- 
corbic acid level of the aqueous humor unless the 
concentration in the blood is known. 

Our results perhaps speak indirectly against the 
necessity for the functioning of dehydroascorbic 
acid normally, so far as metabolism is concerned. 

Secondly, Dr. Schwartz has demonstrated that the 
metabolic pump action of the lens goes on in the 
presence of dehydroascorbic acid, even under anoxic 
conditions. The only experimental condition in 
which the redox potential was maintained normal 
was that in which dehydroascorbic acid was present 
in the presence of nitrogen. The potential was about 
80 millivolts plus. From his work it appears that 
normally the lens functions in a medium having rela- 
tively well defined redox potential. Thus, one could 
argue with equal correctness that the lens function 
well at a redox potential of 80 millivolts because 
the redox potential is appropriate, rather than be- 
cause of the presence of dehydroascorbic acid. 

Thirdly, it seems to me it would be desirable to 
study the system under aerobic conditions where 
the redox potential is also maintained at the right 
level. 

For instance, it may be that dehydroascorbic acid 
acts as a hydrogen acceptor under anoxic conditions 
but under aerobic conditions oxygen accepts the hy- 
drogen. 

One might suspect this, I think, when one con- 
siders that there is apparently a high concentration 
of cytochrome oxidase present in the epithelium of 
the lens; it seems to me unlikely that under these cir- 
cumstances dehydroascorbic acid, rather than oxy- 
gen, would be the normal hydrogen acceptor. 

Dr. Schwartz is aware of these possibilities, and 
further experimentation which they plan may well 
throw light on the situation. 

Da. Beanarp Scuwartz (in closing): I wish to 
thank Dr. Kinsey for his comments. We apparently 
both are involved in the same process of trying to 
culture lenses. I would like, however, to reply to 
several of his comments. 

One is the question of whether in aphakia the as- 
corbic acid level of the aqueous is decreased. 

It seems—and he has brought out the point quite 
adequately—that there is no recognition taken of the 
ascorbic acid levels in plasma by some of the earlier 
workers, However, many of them are consistent in 
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their observations regarding the difference of as- 
corbic-acid level between the aphakic and non- 
aphakic eye in the same animal. In the aphakic eye, 
the ascorbic-acid level is lower and the dehydroas- 
corbic-acid level is higher. So, if we consider these 
results alone, perhaps, the results may be significant. 
This, I admit, is still a point of dispute, and, per- 
haps, further experiments could clarify this situa- 
tion. 

Secondly, he mentioned whether the redox po- 
tential alone, and not the ascorbic and dehydro- 
ascorbic acids were the important factor. 

The reason we used ascorbic and dehydroascorbic 
acid was in order to create these redox potentials 
which occur in vivo and we felt were a product of 
ascorbic or dehydroascrobic acid or a mixture of 
both. Redox potentials may be created in other 
fashions; but since these relatively easily oxidized 
and reduced substances were in aqueous, they may 
be the source of the redox potentials. Nordmann’s 
experiments pointed out this fact primarily back in 
the late thirties. 

Whether, under an aerobic setup, the lens would 
prefer oxygen, I do not know. The reason we 
turned to ascorbic and dehydroascorbic acid was 
the fact that because of these relationships of 
avascular and vascular mass we thought the lens 
existed in a relatively anoxic state. I think further 
work should be done to determine whether this 
actually does occur in vivo, that is as to whether 
the lens needs more hydrogen acceptors than ordi- 
narily supplied by oxygen. 

I would also like to point out that we feel that 
the redox is a definite criterion in any culture 
work at all, including tissue culture and lens cul- 
ture; and that perhaps the redox potential may 
be of significant value in Dr. Kinsey's culture 
media, 

I noticed he used Dr. Parker’s TC 199 culture 
media. In the November, 1954 Canadian Journal of 
Biochemistry and Physiology, Parker modified that 
media. I am sure he has modified it since then. At 
that time, he stated that he found that the redox 
potential was too high in TC 199; and he lowered 
it by adding large quantities of ascorbic acid. 

So it may not necessarily be one compound or 
another compound or another one which we need 
to find to support growth; it may be a process such 
as oxidation reduction. 


ANAEROBIC CARBOHYDRATE METABOLISM OF THE 
CRYSTALLINE LENS* 


III. Tri0sePHOSPHATE, PHOSPHOGLYCERATE, AND PHOSPHOENOLPYRUVATE 


Harry Green, Pu.D., Caror A. Bocner, M.S., Irvine H. Leorotp, M.D. 
Philadelphia, Pennsylvania 


In papers I and II' it was shown that 
cell-free extracts of crystalline lenses pre- 
pared from young rabbit eyes metabolized 
glucose, glucose-6-phosphate, fructose-6- 
phosphate, and fructose diphosphate to 
lactic acid in accordance with the Embden- 
Meyerhof glycolytic scheme. 

The results to be reported establish tri- 
osephosphate, phosphoglycerate, and phos- 
phoenolpyruvate as direct intermediates m 
the glycolytic pathway of lens metabolism. 
Furthermore, the generation of energy-rich 
phosphate associated with lens metabolism 
can be completely accounted for by the oxi- 
dative phosphorylation of triosephosphate 
and by the transfer of phosphate from 
phosphoenolpyruvate to adenine nucleotides. 


MATERIALS 


The chemicals used were the same as pre- 
viously described. In addition, triosephos- 
phate was prepared according to the proce- 
dure of Meyerhof.? 3-Phosphoglyceric acid, 
barium salt, was purchased from the Schwarz 
Laboratories, Inc. Reduced diphosphopy- 
ridine nucleotide was prepared from chro- 
matographically pure cozymase ( Schwarz) 
according to the procedure of Lehninger.’ 
Phosphoenolpyruvate, silver barium salt, was 
a generous gift from Dr. Erich Baer,’ the 
barium salt was also purchased from the 


*From the Wills Eye Hospital. This investiga- 
tion was supported in part by a research grant-in- 
aid from the National Council to Combat Blindness 
and in part by a research grant from the National 
Institute of Neurological Diseases and Blindness, 
of the National Institutes of Health, Public Health 
Service. 

* The solution prepared by removal of the silver 
and barium by means of NaCl and K,SO, contained 
an impurity, probably traces of Ag*, which inter- 
fered with lactic-acid determinations, For the latter 
incubations were run with the Bios preparation. 


phosphoenolpyruvate. 


Bios Laboratories. Crystalline sodium pyru- 
vate (Schwarz) and iodoacetic acid ( East- 
man Kodak) were used. Acetyl phosphate 
was prepared according to the procedure of 
Stadtman and Lipman.* 

The following abbreviations are used: 
Fructose-diphosphate (FDP); hydrazine 
(Hy); iodoacetic acid (LAA); adenosine 
monophosphate (AMP); adenosine diphos- 
phate (ADP); adenosin triphosphate 
(ATP); triosephosphate (TP); 3-Phos- 
phoglyceric acid (PGA); Pyruvic acid 
(Pyr); reduced diphosphopyridine nucleo- 
tide (DPNH); phosphorus liberated by 
hydrolysis for seven minutes in 1 N HCl 
at 100°C. (7’P). 


ANALYTIC PROCEDURES 


The analytic procedures employed were 
the same as previously described. In addi- 
tion the hypoiodite method of Lohmann and 
Meyerhof® was used for the analysis 
Triosephosphate 
was determined by the amount of alkali- 
labile phosphate according to the method of 
Baer and Fisher.*® 1,3-Diphosphoglyceric acid 
was measured by the method of Lipmann 
and Tuttle’ and calculated in terms of acetyl 
phosphate. 

PERIMENTAL 


Cell-free extracts of lenses were prepared 
and all incubations were conducted as pre- 
viously described. In all cases, unless other 
wise noted, the equivalent of one lens was 
used in each experiment.* In all incubations 
the main compartment of each flask con- 
tained the extract and KCl-NaHCoO, buffer, 
while the side arm contained the other ingre- 


$ The average dry weight content of the lens was 
29 percent. In previous papers, because of a typo- 
graphical error, the value was given as 20 percent. 
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TABLE 1 
ACCUMULATION OF ALKALI-LABILE PHOSPHATE 


— 


Alkali- 
-xperi- Additions Lactic Acid labile P 
ment “ M 
24 FDP, AsO, 15.67 0 
24 FPDP, AsO, LAA 1.47 4.55 
29 FDP, PO, 0.44 1.98 
2” FDP, PO, Hy 0 5 88 
29 FDP, PO, LAA 0 6.50 


Total volume, 1.5 ml.; av. dry wt./lens, 40.2mg.; 
time, 60 mins. 

Final concentrations: FDP, PO, 
6.60 K10°°M ; Hy., 1.33% 10°°M; IAA, 
As®),, 


dients. The final concentration of NaHCO, 
was 14X10°M, pH-7.4. 


RESULTS 


All values, unless otherwise indicated, have 
been calculated on the basis of 100 mg. dry 
weight of lens. 


ACCUMULATION OF ALKALI-LABILE PHOS- 


PHATE (table 1) 


Lactic-acid formation from fructose di- 
phosphate in the presence of arsenate was 
practically completely inhibited by iodoacetic 
acid (exp. 24) with the concomitant accumu- 
lation of triosephosphate measured as alkali- 
labile phosphate. Similar results were ob- 
tained in the presence of phosphate and also 
by the use of hydrazine, a trapping agent 
for carbonyl-containing compounds (exp. 
29). An average of 5.64 uM of alkali-labile 
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phosphate was formed which represents a 
conversion of 24 percent of the initial con- 
centration of organic phosphate present in 
fructose diphosphate. 


METABOLISM OF TRIOSEPHOSPHATE (table 2) 


(Quantitative amounts of lactic acid were 
produced by triosephosphate in a system 
fortified with arsenate or adenosine mono- 
phosphate (exp. 76). It can be seen that a 
good stoichiometric relationship exists be- 
tween the amount of triosephosphate that 
disappeared and the amount of lactic acid 
formed, In the experiment with added ad- 
enosine monophosphate two moles of 7’P 
were generated for each mole of triosephos- 
phate converted into lactic acid. Such was 
not the case with arsenate because of the 
ability of the latter to dissociate lactic acid 
production from the uptake of inorganic 
phosphate, as previously demonstrated. It 
is, moreover, clear that in the presence of 
As), the P of triosephosphate was converted 
to inorganic P, while in the presence of phos- 
phate and adenosine monophosphate, the up- 
take of inorganic phosphate was equivalent 
to the triosephosphate P that disappeared. 
In the absence of arsenate and a suitable 
phosphate acceptor (exp. 38) the formation 
of lactic acid was markedly suppressed. 

Experiments 74 and 71 show that iodo- 
acetic acid not only inhibited the production 
of lactic acid but also prevented the gen- 
eration of 7’P associated with the oxidation 


TABLE 2 
METABOLISM OF TRIOSE PHOSPHATE 


Lactic 
Experiment Additions Acid 
uM 
48 TP, PO, 2.92 
76 TP, AsO, 10.30 
76 TP, POy AMP 
74 TP, AsO, TAA 1.50 
71 TP, POy AMP, IAA 0 
76F TP, PO, AMP, NaF 2.46 
76F-1 TP, AMP, NaF, Pyr. 10.85 


7’P Inorg. P 
uM pM uM 

6.75 

- 9.78 +11.8 
~ 9.10 17.30* — 7.6 
~ 8.85 

- 7.50 0 

~10.40 6.40" 

~10.30 10.80* 8.6 


* Corrected for the 7'P of triosephosphate, 50% of which is 7’P. 

Total volume 1.6 ml.; Av. dry wt. /lens, 40.8 mg.; time, 60 mins. 

Final concentrations: TP, 3.01K10°°M; PO, 3.12«10°°M; AMP, 3.12«10°°M; NaF, 1.18 «10°M; 
Pyruvate, 3.12 *10°*M; AsO,, 2.97 
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of triosephosphate and the reactions depend- 
ent thereon. The disappearance of alkali- 
labile P in the latter experiments could be 
accounted for by the instability of triose- 
phosphate in prolonged contact with the 
slightly alkaline incubation mixture. 

Experiment 76F shows that NaF mark- 
edly suppressed the formation of lactic acid 
and decreased the generation of 7’P by 
about one half, although it had no effect 
upon the disappearance of triosephosphate. 
The net result is the establishment of a ratio 
of 1:1* between the alkali-labile P disap- 
peared and 7’P generated, instead of the 
previous ratio of 1:2 (exp. 76). 

When pyruvate was added to such a sys- 
tem (exp. 76F-1) the production of lactic 
was restored to its original value and a 
stoichiometric relationship obtained between 
triosephosphate metabolized, 7’P generated, 
lactic acid produced and inorganic phosphate 
that disappeared. It is significant that the 
7’P generated in the presence of fluoride 
from triosephosphate is one half that formed 
in its absence, for an equivalent amount of 
lactic acid produced and _ triosephosphate 
metabolized. 


METABOLISM OF 3-PHOSPHOGLYCERIC ACID 
(table 3) 


It is clear that the metabolic transforma- 
tion of phosphoglyceric acid to lactic acid is 
dependent upon the presence of reduced 
diphosphopyridine nucleotide (exp. 77), 
since in its absence, even with the addition 
of arsenate (exp. 37), no appreciable forma- 
tion of lactic acid occurred, It is also appar- 
ent that in the presence of adenosine mono- 
phosphate 7’P was generated in an amount 


- - 


* The deviation from the ratio of 1:1, as indi- 
cated in the table, is probably due to the fact that 
in the absence of a hydrogen acceptor, such as 
pyruvate, the reduced diphosphopyridine nucleotide 
formed with the oxidation of triosephosphate re- 
duces part of the latter to glycerol-phosphate whose 
phosphate group is quite stable. This reduction, 
however, is not accompanied by the generation of 
7P. In the presence of pyruvate, as can be seen, 
the ratio is 1:1. 


TABLE 3 
METABOLISM OF 3-PHOSPHOGLYCERIC ACID 

Experi Pp inese 
ment uM aM uM 
4) PGA, PO, 1.20 

PGA, Aw 14 

77 PGA, AMP, DPNH 7” +7 45 +1.56 
78 PGA, NaF 0 28 0 +2.75 
PGA, NaF. Pyr 0.0 4 +296 
7aF.1 PGA, NaF, Pyr.. DPNH 11.18 0 


Total volume 1.7 mi.; Av. dry wt. Jens, 44.4 mg; time, 60 
mins. Final concentrations: PGA, 3.08 «10 PO. 44x10 
M. Ast), 2.6010 *M; AMP, 3.76 «10 NaF, 
M; Pyruvate, 5.1510 *M; DPNH, 4.24 


stoichiometrically equivalent to the quantity 
of lactic acid produced (exp. 77). The results 
of Experiments 78 indicate that in the pres- 
ence of NaF the generation of 7’? from phos 
phoglyceric acid is completely suppressed 
while the reduction of added pryuvate to lae- 
tic acid in the presence of reduced diphospho- 
pyridine nucleotide proceeded to completion. 
In the absence of reduced diphosphopyridine 
nucleotide pyruvate was not reduced to lactic 
acid (exp. 78F ). 


INTERMEDIATE FORMATION OF PHOSPHOENOL- 
PYRUVATE FROM PHOSPHOGLYCERATE 


When phosphoglyceric acid (8.34 * 10°°M ) 
was incubated with lens extract in a total 
volume of 1.2 ml. in the absence of any addi- 
tional cofactors, 6.53 4M of phosphoenol- 
pyruvate was formed per 100 mg. dry wt. 
of lens in 60 minutes. This represents a con- 
version of 24 percent of the initial concentra- 
tion of phosphoglycerate, the equilibrium 
value of which is about 29 percent. 


METABOLISM OF PHOSPHORNOLPYRUVATE 


(table 4) 


The results clearly indicate that phospho- 
enolpyruvate in a system fortified with added 
adenosine monophosphate and reduced di- 
phosphopyridine nucleotide produced sto 
ichiometric amounts of lactic acid and 7’P. 
That the generation of 7’P’, under these con- 
ditions, is specifically associated with the 
metabolism of phosphoenolpyruvate is evi- 
dent from the fact that pyruvate gave lactic 
acid but no 7’P; the presence of iodoacetic 


TABLE 4 
METABOLISM OF PHOSPHOENOLPYRUVATE 


Alkaline Lactic 
lodine P Acid 
+8.42 ~9. 7. 64t 
Pyruvate 0.0 —- 11.40 


of Baer. 

| Determined in separate experiment in which a 
Bios preparation was used. Total volume, 1.7 ml.; 
Av. wt./lens, 42.9 mg.; time, 60 mins. All flasks con- 
tained: AMP, 3.53 K10 ; NaF, 2.12K10°*M; 
DPNH, 3.8x10°'M; IAA, 1. 76X10-*M (latter 
added to prevent oxidation of triosephosphate, 
formed or that formed during the reaction, which 
would generage 7’?.) In addition, phos 
pyruvate, 2.65 10°'M; pyruvate, 2.941 


7’P 
Additions uM 


oenol- 


acid in the reaction mixture precluded the 
formation of 7’P by the oxidation of pre- 
formed triosephosphate. The presence of 
NaF had no apparent inhibitory effect upon 
the reaction. 


COMPARISON oF AMP anp ADP as Puos- 
PHATE ACCEPTORS (table 5) 


In earlier publications it was shown that 
adenosine monophosphate was relatively 
more efficient as a phosphate acceptor than 


TABLE 5 


COMPARISON OF ADENOSINE MONOPHOSPHATE AND 
AND ADENOSINE DIPHOSPHATE AS PHOSPHATE 
ACCEPTORS 


- 


A- di 


Additions 7’P Inorg. P 
uM uM 

FDP, POy NaF +1.92 —2.49 

FDP, PO, NaF, AMP +8.75 —6.40 

FDP, PO, NaF, ADP +6.40 ~6.50 


Total volume, 1.5 ml; Av. dry wt./lens, 36.9 mg. ; 
time, 60 mins. Final concentrations: FDP, 1.67 


PO, 3.33K10°'M; NaF, 1.0x10°*M; 

AMP, 4.0K10-"M: ADP, 

B-—PHOSPHOGL YCERATE 

Additions Lactic Inorg. 

7’P Acid P 
uM uM uM 

PGA, DPNH +1.58 6.59 45.34 

PGA, DPNH,AMP 410.66 13.0 +1.25 

PGA, DPNH, ADP +7.63 10.2 +2.71 


Av. dry wt./lens, 

PG 3 
x10-°M DPNH, 3.78 AMP, 4 yop 
ADP, 


Total volume, 1.5 ml.; 
time, 60 mins. Final concentrations: 


HARRY GREEN, CAROL A. BOCHER AND IRVING H. LEOPOLD 


adenosine diphosphate in the metabolism of 
fructose diphosphate to lactic acid. With 
the identification of the two steps in which 
the 7’P is generated, it was of interest to 
determine the comparative efficiency of ad- 
enosine monophosphate and adenosine di- 
phosphate, in each case, as phosphate accep- 
tors. The results show that adenosine mono- 
phosphate permits the generation of approxi- 
mately 30 percent more 7’P than does an 
equivalent concentration of adenosine di- 
phosphate. 


COMMENTS 


The establishment of the pathways of 
metabolism fundamentally depends upon the 
demonstration that the presumed intermedi- 
ates tend to accumulate when the sequence 
of enzymatic events is disrupted ; the inter- 
mediates formed should serve as substrate 
precursors for the production of the end 
product of metabolism, in a more or less 
quantitative or stoichiometric manner. Al- 
though in this investigation the intermediary 
metabolites were not actually isolated and 
purified, the procedures employed to ac- 
cumulate and detect the presumed inter- 
mediates have been universally accepted as 
providing good evidence for the presence of 
the indicated substances. In addition, pure 
crystalline compounds corresponding to the 
indicated intermediates were shown to behave 
in all respects as true substrates for produc- 
tion of lactic acid in the complete enzymatic 
system. As for the existence of a coenzyme 
as an integral component part of the meta- 
bolic pathway, it is necessary to demonstrate 
either an absolute need for its presence or 
that the enzymatic reaction proceeds faster 
and to a greater extent in its presence. 

The enzymatic conversion of fructose di- 
phosphate to triosephosphate by lens extract 
was established by showing that the latter 
accumulated in substantial quantities in the 
presence of hydrazine or iodoacetic acid. 
The formation of lactic acid was simul- 
taneously inhibited (table 1). 

Hydrazine traps the triosephosphate by 
forming a Schiff’s base, while iodoacetic 
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acid inhibits the enzyme, triosephosphate 
dehydrogenase, and prevents the subsequent 
oxidation to phosphoglyceric acid. In the 
presence of a suitable phosphate acceptor, 
such as adenosine mono- or diphosphate, tri- 
osephosphate is converted stochiometrically 
and quantitatively to lactic acid with the con- 
comitant development of two equivalents of 
energy-rich phosphate (table 2). 

lodoacetic acid inhibited both the metab- 
olism of triosephosphate and the generation 
of 7’P. The presence of NaF similarly in- 
hibited the production of lactic acid, whereas, 
iodoacetic acid completely inhibited the de- 
velopment of both equivalents of 7’P from 
triosephosphate, NaF suppressed the forma- 
tion of only one equivalent of 7’P. Since the 
reduction of pyruvate to lactic acid occurred 
in the presence of the inhibitor (table 2), 
it is apparent that the site of fluoride inhibi- 
tion is prior to the formation of pyruvate 
and does not prevent the oxidative phos- 
phorylation of triosephosphates.* 

Experiment 77 (table 3), indicates that 
phosphoglyceric acid in the presence of ad- 
enosine monophosphate (or adenosine di- 
phosphate) and reduced diphosphopyridine 
nucleotide is readily converted into lactic 
acid with the concomitant formation of one 
equivalent of energy-rich phosphate. While 
the oxidation of triosephosphate is coupled 
with the uptake of inorganic phosphate (oxi- 
dative phosphorylation), the generation of 
7’P from phosphoglyceric acid is not de- 
pendent upon the presence of inorganic 
phosphate. It is significant that this is the 
first instance, in these studies, in which the 
anaerobic carbohydrate metabolism of lens 
extracts showed a definite requirement for 


* Meyerhof and Kiessling’ found that fluoride in- 
hibited the formation of phosphoenolpyruvate from 
phosphoglyceric acid by muscle and yeast extracts. 
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pyridine nucleotide. There is, apparently, 
sufficient oxidized pyridine nucleotide pres- 
ent in the lens extract preparation to permit 
the oxidation of triosephosphate to phospho- 
glyceric acid with the accompanying forma- 
tion of reduced pyridine nucleotide. 

This is borne out by the results of Expert- 
ment 76F-1 (table 2), which show that in 
the metabolism of triosephosphate in the 
presence of NaF, the addition of reduced 
pyridine nucleotide is not necessary for the 
reduction of the pyruvate to lactic acid, How- 
ever, by starting with phosphoglyceric acid 
the oxidation step is eliminated and, with it, 
the formation of reduced pyridine nucleotide 
which is necessary for the reduction of pyru- 
vate to lactic acid, as shown in Experiment 
78F-1 (table 3). While NaF did not inhibit 
the oxidation of triosephosphate with the 
generation of one equivalent of energy-rich 
phosphate, it did prevent the formation of 
the second equivalent of 7’P associated with 
the metabolism of phosphoglyceric acid 
(tables 2 and 3). 

Phosphoenolpyruvate was formed from 
phosphoglyceric acid in concentrations ap- 
proaching the thermodynamic equilibrium 
value. The results (table 4) further indicate 
that the enzymatic breakdown of phospho- 
enolpyruvate produces 1.0 mole of energy- 
rich phosphate for each mole of lactic acid 
produced. It is this step which is the source 
of the second equivalent of 7’P generated in 
the metabolism of fructose diphosphate by 
lens extracts. 

The results of our studies provide evi- 
dence that lens extracts utilize carbohydrates 
anaerobically in the production of lactic acid 
in accordance with the classical scheme of 
glycolysis described by Embden and Meyer- 
hof. The essential enzymatic steps starting 
with fructose diphosphate are as follows: 


. Fructose diphosphate—*Dihydroxvacetone phosphate +Glyceraldehyde phosphate 

. Dihydroxyacetone phosphate-—-Glyceraldehyde phosphate 

. Glyceraldehyde phosphate + PO,+ DPN +ADP=*Phosphoglyceric acid +ATP +DPNH +H* 
. Phosphoglyceric acid=Phosphoenolpyruvate +H 

Phosphoenolpyruvic acid +ADP=*Pyruvie acid +ATP 

. Pyruvic acid +DPNH +H*=*Lactic acid +DPN 


The incorporation of inorganic phosphate into ATP, equation 3, was shown by Warburg and 


Christian’ to consist of two steps: 


3(a) 3-Glyceraldehyde phosphate + DPN + ,3-diphosphog! 
3(b) 1,3-diphosphoglyceric acid +A DP=*3-Phosphoglyceric acid +A TP 


yeeric acid + DPNH +H* 


Z 
4 
5 
6 
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TABLE 6 
hd ORMATION OF ACETYL PHOSPHATE 


Lens Wt. 
(Dry) 
Mg. 


Acety| POs formed 


utes pg- -P/lens % PGA 


4.8 
40 
45.2 
59.5 


* Two used in this 

Total volume, 1.8.ml. All flasks contained: PGA, 
5.26K10°'M ; ATP, 5.26K10°°*M (7'P); Mg**, 
; NaF, 1.110°®M; H,NOH, 26x10" 


Attempts to demonstrate the formation of 
1,3-diphosphoglyceric acid from fructose di- 
phosphate or triosephioaphate in the presence 


ever, by approaching the reaction Soom the 
right side, that is, starting with phospho- 
glyceric acid and adenosine triphosphate, as 
was done by Lipmann and Tuttle’ with ex- 
tracts of cat muscle and by Holloway” with 
extracts of pea meal, it was found (table 6) 
that 11 to 14 percent of the phosphoglyceric 
acid was converted to 1,3-diphosphoglyceric 
acid measured in terms of acetyl phosphate 
by the hydrexylamine-ferric chloride method 
of Lipmann and Tuttle. 


SUM MARY 
Cell-free extracts of crystalline lenses pre- 


pared from young rabbit eyes were incubated 
at 37°C. under anaerobic conditions with the 
following phosphate esters: fructose diphos- 
phate, triosephosphate, 3-phosphoglyceric 
acid, and phosphoenolpyruvic acid. In prop- 
erly fortified systems all esters produced 
practically quantitative amounts of lactic 
acid. The esters were further identified as 
intermediary metabolites by their tendency 
to accumulate when the actively metabolizing 
system was interrupted by means of iodo- 
acetic acid or hydrazine (triosephosphate), 
sodium fluoride (phosphoglyceric acid), or 
under conditions of phosphate acceptor de- 
ficiency (phosphoenolpyruvic acid). The 
enzymatic reduction of pyruvic acid to lactic 
acid was shown to depend upon the presence 
of reduced diphosphopyridine nucleotide. 
The generation of energy-rich phosphate was 
shown to be associated with the oxidative 
phosphorylation of triosephosphate and with 
the transphosphorylation from phosphoenol- 
pyruvate to adeninenucleotide. Adenosine 
monophosphate is a somewhat more efficient 
phosphate acceptor than adenosine diphos- 
phate. The pathway of anaerobic carbohy- 
drate metabolism by lens extracts is essen- 
tially as described by the Embden-Meyerhof 
scheme of glycolysis. 


1601 Spring Garden Street (30). 
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DIscuUSSION 


De. Joun Hageis (Portland, Oregon): This 
is the third paper which these authors have pre- 
sented to this group in a series concerning the 
metabolic steps by which the energy of the lens 
is produced. They have approached this significant 
question in a very logical and step-wise fashion, 
setting out first to determine whether anaerobic 
glycolysis of the lens follows the usual Embden- 
Meyerhof sequence. That it does so, they have 
proved quite conclusively. 

To achieve such proof they have employed a 
cell-free extract of lens homogenate and studied 
the fate of various intermediates in the Embden- 
Meyerhof system. In their first paper, they began 
with glucose and glucose-6-phosphate ; in the second 
paper, they demonstrated the ability of the lens 
extract to utilize fructose-1, 6-diphosphate; now, 
using various three-carbon intermediates further 
down the chain, they have added final proof that 
anaerobic glycolysis in the lens follows the Embden- 
Meyerhof pathway. In the course of these studies, 
they have demonstrated the production of high- 
energy phosphates, the compounds which provide 
the immediate energy for most cellular processes 
requiring work. 

Anaerobic glycolysis of the lens cannot supply 
sufficient energy to meet its requirements. That 
oxygen is necessary for the normal function of the 
lens has been demonstrated in many laboratories. 
I thought, perhaps, I might quickly review some of 
the possibilities by which an oxidative process in- 
volving oxygen might provide more high-energy 
phosphate. 

Among the possibilities is the utilization of three- 
carbon residues via the Krebs cycle. That this 
occurs in the lens has never been proved conclu- 
sively. Using cation transport as a measure of lens 
vitality, we have been unable to demonstrate that 
either pyruvic acid, lactic acid, or certain com- 
pounds of this cycle serve as a substrate in the 
lens. Since such experiments employ the intact 
lens, the negative results may simply indicate that 
the added substance does not diffuse readily into 
the lens. In this respect a cell-free extract (such 
as Dr. Green and associates employed) is more 
ideal. On the other hand, destruction of the organ- 
ization of the lens may yield misleading informa- 
tion. The question of energy production im the 
lens via the Krebs cycle, then, is not fully settled 

One step which | think merits consideration is 
the oxidation of reduced DPN to the oxidized form. 
If this occurs via the cytochrome system (with the 
ultimate use of oxygen), three molecules of ATP 
are formed for each three-carbon residue utilized 
Therefore, six molecules of ATP would be formed 
if glucose were the starting substrate. If such were 
the case, pyruvic acid would not be reduced to lactic 
acid. The fact that lactic acid is found in high con- 
centration in the lens therefore mitigates against 
this view. 

Another possibility worth while mentioning is the 
so-called hexosemonophosphate shunt (sometimes 


called the Warburg-Dickens-Lipmann shunt). The 
lens was shown to be capable of utilizing this path- 
way for the metabolism of glucose by Kinoshita 
(Slide) Here is the classic system which Dr. Green 
and associates have shown actually to prevail; here 
we note the shunt which merges with the classic 
system at the glyceraldehyde stage. It requires TPN 
at two different points, as can be seen. It is not 
known that this will necessarily give more ATP. 
The oxidation of TPN might possibly increase the 
yield of ATP. 

Dae. Cart (Detroit, Michigan): I think 
Dr. Green has very well demonstrated the glycolytic 
scheme taking place in lens homogenates 

He uses adenosine monophosphate (AMP) as a 
phosphate acceptor; and | wonder whether he has 
also tried to use adenosine diphosphate (ADP) 
We have adenosine triphosphate (ATP) in our cul 
ture medium and | have been wondering whether 
an additional phosphate acceptor may be required 

Ordinarily, the phosphate acceptor used is ADP 
There is also a reaction known to occur between 
AMP and ATP to give two molecules of the ADP 
| wonder whether this is what happens in this case 

Dr. Green probably adds enough ATP in his 
system to make up for the deficiency in ADP if 
this reaction does occur. 

De. V. Evererr Kinsey (Detroit, Michigan) 
I think it would be worth while to make a similar 
study of lenses from which the epithelium and 
capsule had been removed. This would make it 
possible to separate the contribution toward forma 
tion of high-energy phosphate of the latter portions 
of the lens from that of the cortex and nucleus 

De. Harry Green (in closing): It is always a 
distinct pleasure to have a paper discussed by Dr 
Harris. 

In answer to Dr. Wachtl's question concerning 
the fact that ADP usually is the phosphate acceptor 
in such systems, it is the same question Dr. Dische 
asked last year in San Francisco. The answer at 
that time was that adenosine monophosphate is ap 
parently a more effective acceptor in our system 

Recently, we had occasion to test the relative 
eficiency of ADP and AMP as phosphate acceptors 
in the two steps where seven-minute phosphate is 
generated: namely, in the oxidation of triosephos 
phate and transphosphorylation from phosphopyru 
vate. In both cases, we found that AMP is approxi 
mately 30 percent more effective than ADP as a 
phosphate acceptor in lens extracts 

With regard to the possible presence of myo 
kinase in lens extracts being responsible for the 
observed effect, we have not attempted to assay for 
this enzyme. However, in view of results with sto 
ichiometric quantities of the two adenosine phos- 
phates, it is doubtful whether the stimulation of 
glycolysis by adenosine monophosphate is dependent 
upon the possible presence of myokinase 

Dr. Kinsey's suggestion that we strip the ep 
ithelium off the lens and try to isolate exactly where 
this thing is taking place is a very good suggestion 


AMERICAN JOURNAL OF OPHTHALMOLOGY 


Published Monthly by the Ophthalmic Publishing Company 


EDITORIAL STAFF 


Derick James E. Lesensounn 

700 North Michigan Avenue, Chicago 11 4010 West Madison Street, Chicago 24 
Lawrence T. Post, Consulting Editor Donato J, Lyte 

640 South Kingshighway, Saint Louis 10 6O1 hte Trust Building, Cincinnati 2 
Ataw Woops, Consulting Editor Wiuttam A, Mann 

Johns Hopkins Hospital, Baltimore 5 30 North Michigan Avenue, Chicago 2 


Becker 
640 South Kingshighway, Saint Louis 10 A. Epwarp MAUMENEE 
Witttam L. Bewenicr Johns Hopkins Hospital, Baltimore 5 


100 First Avenue Building, Rochester, Minnesota P. Romp McDona.p 


FPerpertcx C. Corpes 1930 Chestnut Street, Philadelphia 3 
384 Post Street, San Francisco 8 Franx W. Newer 
Sm Srewarr Duxe-Evper 950 East 59th Street, Chicago 37 


63 Harley Street, London, W.1 


B. Dunrny 
243 Charles Street, Boston 14 


F. Herpert Haesscer 


Joun V. V. Nicuotts 
1414 Drummond Street, Montreal 


Avoernon B. Reese 


561 North 15th Street, Milwaukee 3 , 73 East om Street, New York 21 
Pannen Hearn HILLIPS THYGESON 
Sullivan Harbor, Maine 220 Meridian Road, 
S, levine San Jose 26, California 
9730 Wilshire Boulevard, M. Urine Troncoso 
Beverly Hills, California 215 West 92nd Street, New York 25 


Katruestne Fercuson Cuacxiey, Manuscript Editor 
Lake Geneva, Wisconsin 

Directors: Wusttam L. Bewepicr, President; Frepertcx C. Corpes, Vice-President; Wittiam A. 
Mawwn, Secretary and Treasurer; F. Heasert Haesscer, Derrick Vari, ALanw C. Woops. 

Address original papers, other scientific communications including correspondence, also books for 
review to Dr. Derrick Vail, 700 North Michigan Avenue, Chicago 11, Illinois; Society Proceedings to 
Mrs. Katherine F. Chalkley, Lake Geneva, Wisconsin. Manuscripts should be original copies, typed in 
double space, with wide margins. 

Exchange copies of medical journals should be sent to Dr. F. Herbert Haessler, 561 North 15th 
Street, Milwaukee 3, Wisconsin. 

Subscriptions, application for single copies, notices of changes of address, and communications with 
reference to advertising should be addressed to the Manager of Subscriptions and Advertising, 664 North 
Michigan Avenue, Chicago 11, Illinois. Copy of advertisements must be sent to the manager by the 
15th of the month preceding its appearance. 


Change of address notice should be received not later than the 15th of the month prior to the issue 
for which the change is to go into effect. Both old and new addresses should be given. 

Author's proofs should be corrected and returned within forty-eight hours to the Manuscript Editor, 
Mrs. Katherine PF. Chalkley, Lake Geneva, Wisconsin. Twenty-five reprints of each article will be sup- 
plied to the author without charge. Additional reprints may be obtained from the printer, the George 
Banta Publishing Company, 450-458 Ahnaip Street, Menasha, Wisconsin, if ordered at the time proofs 
are returned. But reprints to contain colored plates must be ordered when the article is accepted. 


244 


q 
7 


TWENTY-FOURTH MEETING 


of the 


Association for Research in Ophthalmology, Inc. 


Proceedings 
Business Session Former Secretaries 
Auditors’ Report Directory of Members 
Committees New Members 
Former Trustees Geographic List 


Proctor Medal Recipients 
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Atlantic City, New Jersey 


June 7, 8, and 9, 1955 


BUSINESS MEETING 


The opening session of the 24th meeting of the 
Association for Research in Ophthalmology, at 
Atlantic City, New Jersey, June 6-10, 1955, con- 
vened at 1:20 p.m. in the St. Dennis Room of the 
Dennis Hotel, Dr. William F. Hughes, Ir, Chicago, 
Iinois, Chairman of the Board of Trustees, pre- 
siding. 

The annual business meeting was held on June 7th, 
Lr, William F. Hughes, Ir., presiding 

Upon motion of Dr. J. H. Allen, New Orleans, 
Louisiana, which was duly seconded, it was voted 
unanimously that the dues be raised for educational 
members from $2.00 to $3.00 per year; and, for 
active members, from $5.00 to $10.00. 

Upon motion regularly made and seconded, it 
was voted unanimously that Dr. Parker Heath, 
Dr. Lawrence T. Post, and Dr. Alan C. Woods be 
made honorary members 

Upon motion regularly made and seconded, it was 
voted unanimously that Dr. Hans Barkan be elected 
to life membership. 

Upon motion of Dr. Allen, which was duly sec- 
onded, it was voted unanimously to adopt the report 
of the Nominating Committee, as follows: 


Member of Board of Trustees: Dr. Jonas 5. 
Friedenwald, Baltimore, Maryland. 

Secretary-Treasurer: Dr. Lorand V. Johnson, 
(Cleveland, Ohio. 

The following announcement was read, with con- 
gratulations from the Board of Trustees: 

Tue AMERICAN JOURNAL OF OPHTHALMOLOGY 
will soon publish a special section to be called 
“Ophthalmic Research.” The abstracts of papers 
presented at the various sectional meetings of the 
Association for Research in Ophthalmology will 
be published, together with the abstracts of papers 
concerning research in ophthalmology presented at 
various local meetings throughout the country. 
News items concerning the sources of research 
grants, application deadlines, recipients of research 
support, appointees to national research groups, and 
similar items will be published. 

The column will be edited by Dr. Frank W. 
Newell, 950 East 59th Street, Chicago 37, Illinois. 

Each section secretary will be responsible for the 
solicitation of abstracts and should submit them to 
the editor as early as possible, but no later than at 
the conclusion of each sectional meeting. 


SUMMARY OF MemMpersnip By YEARS 
to December 31, 1954 


Total 
Members 


Years Ended 

December 31 
1954 
1953 
1952 
1951 
1950 
1949 
1948 
1947 
19046 
1945 
1944 
1943 
1942 


Years Ended Total 

December 31 Members 
1941 279 
1940 270 
1939 268 
1938 272 
1937 249 
1936 240 
1935 245 
1934 2580 
1933 219 
1932 203 
1931 193 
1930 134 


’ Represents official membership, whether dues were paid or unpaid for current and prior years. 
* Includes only members whose dues were paid in full to date. 
* Not available, due to wartime dislocation. 


} 
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"672 
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"474 
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AUDITORS’ REPORT 


ASSOCIATION FOR RESEARCH IN OPHTHALMOLOGY, INC. 


To the Members of the Board of Trustees 
Association for Research in Ophthalmology, Inc. 
New Orleans, Louisiana 


Gentlemen 
Score or EXAMINATION 


We have examined the cash basis accounts of the secretary-treasurer of the Association for Research 
in Ophthalmology, Incorporated, as of December 31, 1954, and the recorded transactions for the year then 
ended. Our examination was made in accordance with generally accepted auditing standards applicable to 
cash basis accounting and accordingly included such tests of the accounting records and other such auditing 
procedures as we considered necessary in the circumstances, except that we did not confirm unpaid dues 
directly with members. 

HisTory 

The association was incorporated on July 20, 1936, under the laws of the state of New York. However, 
it had been an unincorporated group for some years earlier, operating under a constitution and related 
bylaws which were embodied in the certificate of incorporation. The corporation has no shareholders and is 
exempt from federal, state, and local taxes. However, it is required to file a federal information return 
annually, reporting the source and disposition of income. 


CoM MENTS 


At the meeting of the board of trustees in June, 1952, the board directed that the $250.00 annual interest 
income from the Proctor medal fund be deposited henceforth in the general fund and that the cost of the 
annual Proctor medal be paid out of the general fund. 

According to information given us orally by the secretary-treasurer, it is the intention of the board of 
trustees, governing body of the association, to retain members whose dues are delinquent until the board 
itself orders that they be dropped for nonpayment. The constitutional provision remains unchanged which 
states that new members, upon being approved by the admissions committee and the board of trustees, 
must pay dues to attain membership. 

At its meeting in May, 1953, the board of trustees directed that members whose dues were in arrears be 
notified and that if payment was not forthcoming they be dropped from the rolls, On December 31, 1954, 
past due memorandums were mailed by the secretary-treasurer to all members who were delinquent in 
paying dues for 1953 or prior years. We were advised that 1954 delinquents were advised thus only if they 
were also delinquent for earlier years. 

We did not verify by direct communication with members the dues which were delinquent. According 
to the records of the association, the entries therein showed 202 delinquencies as of December 31, 1954. If 
any members carried as delinquent had paid before that date and payments had been lost in the mails before 
recordation, our examination might not have detected the omission. 

All individual membership cards were examined and listed by us and their totals by classes of member- 
ship related to the recorded cash receipts for the period. 

We examined minutes of the board of trustees, constitution, and other pertinent data 

The records were found to be well kept and the financial transactions of the year properly authorized. 
Please accept our sincere thanks for the courtesy and assistance given us during the examination 


CERTIFICATE 


In our opinion, subject to the limitation that we did not confirm dues in arrears directly with members, 
the accompanying statements present fairly the fund balances of the Association for Research in Ophthal- 
mology, Incorporated, as of December 31, 1954, and the receipts and disbursements for the year then ended, 
based on the recorded cash transactions. The statements conform to generally accepted cash basis account 
ing principles applied on a basis consistent with that of the preceding year. We do not feel that the 
exception referred to above is sufficiently important to negate this opinion. 


Very truly yours, 
B. B. & Co., 
New Orleans, Louisiana, 
February 23, 1955 
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CASH AND Securities FuNps 
December 31, 1954 


GENERAL Proctor 
Funp Mepat Funp 
Cash: 

2,045.97 15.37 2,061.34 

Securities 


$ 2,045.97 $10,200.00 $12,245.97 


*At cost—244%—due 1967-72. At December 31, 1954, coupons amounting to $125.00, matured in 1954, 
were affixed to the bonds and were detached and deposited in bank in the presence of the auditors. 


Statement or Casn AND Dissursements 
Year Ended December 31, 1954 


GENERAL Proctor 
FuNpD Mepat Funp 
Add—Receipts: 
Prior years’ dues: 
47 Active members @ $5.00 each ........ $235.00 
5 Educational members @ $2.00 each .................. 10.00 
2 Sustaining members @ $25.00 each .................. 50.00 295.00 
3,774.00 
6,329.58 15.37 


AUDITOR'S REPORT 


Deduct—Disbursements : 

Convention expenses : 
Programs, mailing fees, notices ........................ 46.93 
Expenses—Secretary-Treasurer .............. 250.00 


Publication—American Journal of Ophthalmology’ .. 
Stationery, supplies and printing ................... 

Postage and express .. ORS 
Insurance—$5,000.00 position bbond-—Secretary-t treasurer ...... 
Safety box rental . ati 


550.00 
Less withholding and FICA taxes withheld ................ 110.00 


Withholding and FICA taxes paid .... 


Gift (to former Chairman of Board of Trustees) .. 


Cash Balance December 31, 1954 ........ 


Composed of: 


Cash on hand—subsequently deposited ..... 


* Salary for December, 1954, was paid in January, 1955. 
* Includes Proctor Medals for both 1954 and 1955. 
* Publication of 1953 meeting. 


259.00 
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1,083.76 
1,000.00 
918.46 
153.00 
85.43 
25.00 
BO 
6.93 
41000 
133.50 
290.60 
6.35 
25.00 
10.20 
06.58 
$2,045.97 $15.37 
$1,786.97 $15.37 
$2,045.97 $15.3) 
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ASSOCIATION FOR RESEARCH IN OPHTHALMOLOGY, INC. 


CHANGES IN Mempersuip AND Reconcitiation wirn Dues Pap 


Changes in Membership 


Membership—January 1, 1954 ..... 


Add: 


— 


Elected for 1954 membership at October, 
1953, meeting of Board of Trustees ... 


Elected for 1954 membership at June, 1954, 
meeting of Board of Trustees 


Total Additions . 


Deduct: 


Resigned in 1954 


64 


Deceased in 1954 .......... 


Changes in Classes of Memberships: 


Total Deductions 


From active to sustaining . 
From sustaining to active . 


From educational to active 
From active to inactive 


Net Changes 


Unaccounted for differences .. 


Wembership December 31, 1954 ... 


Reconciliation with Dues Paid 


Dues Paid in 1953 for 1954 
Dues paid in 1954 for 1954: 
Inactive, life and honorary 


Educational @ $2.00 each $74.00 .. 


Active @ $5.00 each 


Sustaining @ $25.00 each 


Add: 


Unpaid membership Dec. 31, 1954 


See a 4 


Lnaccounted for differences .. 


Waived 


se 


$3,774.00 


eee 


INAC- 
TIVE 


Nm 


tw 


Lire 


— 


Year I-nded December 31, 1954 


Hon - 
ORARY 


i2 


Epuca- 
TIONAL 


RO) 


37 


ACTIVE 
587 


(1) 


Sus- 


TAINING 


32 


() 18 95 () 113 
7 7 
(11) (3) 1s {) 
12 663 RIS 
ee (2) 2 
12 R5 665 50 815 
3 4 
37 
$2,550.00 10 10 
1,150.00 
12 37 513 6 611 
50 148 4 202 
2 12 87 661 50 R13 
Z ] 12 RS 665 SO R15 


OFFICERS 
1955 


Association for Research in Ophthalmology, Ine. 


William F. Hughes, Ir, Chairman 


T. E. Sanders ..... 
Michael J. Hogan .... 
Hunter H. Romaine ... 
James H. Allen ..... 


Lorand V. Johnson . 


EASTERN SECTION 

Irving H. Leopold se 
EAST CENTRAL SECTION 

V. Everett Kinsey . 
MIDWESTERN SECTION 

Frank W. Newell . 
SouTHERN SECTION 

A. E. Meisenbach, Jr. . 
WeSTERN SECTION 


PUBLICATIONS COM MITTEE 
Lorand V. Johnson 
V. Everett Kinsey 
James H. Allen 


ADMISSIONS COM MITTFE 
Frank W. Newell 
Rodman Irvine 
Zacharias Dische 


William C. Finnoff 
Emory Hill 

H. S. Gradle 
William L. Benedict 
F. P. Calhoun 
Arthur |. Bedell 
kugene M. Blake 
Crady Clay 


Eugene M. Blake 
Conrad Berens 


Jonas S. Friedenwald 
Phillips Thygeson 


TRUSTEES 


SECRETARY~ TREASURER 


SecTiION SECRETARIES 


COMMITTEES 


PRoGRAM (COM MITTEE 
V. Everett Kinsey 
Lorand V. Johnson 


William F. Hughes, Jr. 


(OM MITTEE ON LOCAL 
ARRANGEMENTS 


Robison D. Harley 


COMMITTEE ON Optics 
AND VISUAL 
Henry A. Imus 
Kenneth N. Ogle 
Victor A. Byrnes 


ForMer TrusTees 
Cecil S. O'Brien 
Lawrence T. Post 
John N. Evans 
Algernon B. Reese 
F. C. Cordes 
Derrick T. Vail 
Sanford H. Gifford 
Theodore L, Terry 


ForMeR Secrrraries 
Cecil S. O' Brien 
Brittain F. Payne 
Procror Mepat Rectrtenrs 


Ludwig von Sallmann 
V. Everett Kinsey 
George Wald 
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Chicago, Ulmors 

New Orleans, Louisiana 
Saint Louis, Missouri 
San Francisco, California 
New York, New York 

_, New Orleans, Louisiana 


Cleveland, Ohio 


Philadelphia, Pennsylvania 
.Detroit, Michigan 
Chicago, Illinois 

.. Dallas, Texas 


Beverly Hills, California 


Avvisory 
Derrick T. Vail 
Francis H. Adler 
Moacyr Alvaro 


NOMINATING COM MITTEF 
David G. Cogan 
Kenneth C. Swan 
Harold G. Schete 


Phillips Thygeson 
Robert |. Masters 
Walter H. Fink 
Kenneth Swan 
David G. Cogan 
Brittain F, Payne 
P. Robb McDonald 


Tames H. Allen 


Kenneth C. Swan 
David G. Cogan 
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Honorary Members 


Benedict, William L. 
Rerens, Conrad 

Biake, Eugene M. 

de Andrade, Cesario 
Duke-Elder, Lady Phyllis 
Duke-Elder, Sir Stewart 
Ferrer, Horatio 

Knapp, Arnold 

O'lirien, Cecil 
Parker, Walter BR. 
Verhoef, F. H. 
Zentmayer, Wm. 


Lire Memner 
Rutherford, Cyrus W. 


SUSTAINING Mempers 


Adler, Francis 
Allen, James H. 
Atkinson, George S. 
Rattles, Morris L.. 
Boland, William T. 
Boyes, Truman L. 
Bussey, Frank RB. 
Cassady, Vernal 
Chamberlain, Webb P., Ir. 
Cushman, Beulah 
Daily, Louis, Jr. 
Dunnington, John H. 
Ellenberger, Carl 
Friedenwald, Jonas S. 
(Cettes, Bernard Charles 
Gray, John E. 

Haik, George M. 
Haney, Lawrence O. 
Harger, Robert Wm. 
Hill, Robert Vernon 
Hughes, William F., Jr. 
Irvine, A. Ray 
Johneon, Lorand V. 
Judd, John H., 
Kahler, Arthur RB. 
Lordan, John P. 
Luedde, Philip S. 
Lyda, Wood 
McCallum, George C. 
MeCaslin, Murray F. 
MeDonald, P. Robb 
Mannis, Aaron A. 
Marshall, M. R. 
Minsky, Henry 

Ohly, John H. 
Payne, Brittain F. 
Pinkeson, Charles 
Reese, Algernon B. 
de Roetth, Andrew F. M. 
Roper, Kenneth L.. 
Sheard, Charles 
Thorpe, Harvey 
Thygeson, Phillips 


Tower, Paul 

Uneworth, Arthur C. 
Vaughan, Daniel G., Jr. 
Walsh, Francis M. 
Ward, James F. 

Weih, Jack E. 

Wilson, Warren A. 


Deceasep 


Brown, E. V. L. 
Bulson, E. L. 
Hardesty, J. F. 
Knowles, F. E., Jr. 
Last, M. A. 
Prangen, A. D. 
Seala, N. P. 


New 


Abrahameon, I. A. 
Allen, Henry F. 
Anderson, R. W. 
Arnett, G. P. 
Arribas, N. P. 
Askovitz, 5. 1. 
Baisinger, W. F. 
Ball, William L.. 
Bartlett, RK. FE. 
Battles, Morris L. 
Becker, Bernard 
Benedict, W. H. 
Bennett, A. L. 
Bloomberg, Louis 
Boland, William T. 
Boyer, H. K. 
Buckheit, Rudolph 
Buckley, FE. T. 
Cassady, J. V. 
Clark, Graham 
Cosgrove, K. W. 
Cowen, J. P. 
Dailey, Louis, Ir. 
Daluiso, G. A. 
Davidson, B. 
Dellaporta, Angelos 
Pager, R. F. 
Elienberger, Carl 
Epstein, Sidney 5S. 
Evans, Thomas M. 
Feldstein, Morris 
FPial, Edward A. 
Fleming, D. G. 
Fowler, James G. 
Frangois, Jules 
Frisch, M. R. 
Gipner, John F. 
Gingrich, W. D. 
Goeteman, Arthur C. 


Gunzburg, Julian 
Guth, Sylvester K. 
Hallum, Alton V. 
Havener, William H. 
Heath, G. G. 
Hoffman, F. D. 
Hoffman, Parker M. 
Jones, W. Yerby 
Jones, William M. 
Kara, G. B. 

Katz, |. Herbert 
Kennedy, Roscoe |. 
Knapp, Philip 
Koistinen, A. M. 
Leachman, J. W. 
Levitt, Herbert 
Linkez, Arthur 
Luhr, A. F., Sr. 
McCaslin, M. F. 
Maier, Paul 
Magnuson, R. H. 
Marlow, S. B. 
Martens, T. B. 
Melton, Cariton E., Jr. 
Middleton, J. M. 
Mintz, M. A. 
Morgana, D. J. 
Moses, R. A. 
Naples, A. 5. 
Naquin, Howard 
Olmeted, K. E. P. 
O’ Rourke, J. F. 
Palmer, M. A. 
Pearson, O. F. 
Puntenney, Irving 
Robison, J. T., Jr. 
Rosenberg, A. J. 
Ruedemann, A. D., Ir. 
Ryan, R. W 
Schachne, Lewis 
Schwartz, F. E. 
Smalien, Benjamin 
Snell, A. C., Ir. 
Soper, Gail R. 
Sovik, William E. 
Stephens, H. F. 
Sullivan, Garrett L. 
Suran, Anita A. 
Swiontkowski, 5. D. 
Tabankin, Alvin 
Teed, R. W. 
Tower, Paul 
Trapp, C. W., Ir. 
Troutman, C. 
Uneworth, A. C. 
Walsh, F. M. 
Ward, J. F. 
Weimar, V. L. 
Wendiland, P. 
Weymouth, F. W. 
Whitten, R. H. 
Wise, George N. 
Zinn, Sheldon 


Goldberg, B 
Golden, Alfred 
Grana, P. ( 
Green, Harry 
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A 


Abraham, Samuel V., 6563 Wilshire 
Bivd., Les Angeles 346, Calif. 
Abrahamson, Ira A., Union 
Trust Bidg., Cincinnati, Ohio 
Abrams, Henry, 195 Nassau St., 
Princeton, N.J. 

Addington, Charlies H., 675 Delaware 
Ave., Buffalo, N.Y. 

Adier, Francis H., 313 S. 17th St, 
Philadelphia, Pa. 

Aiken, Samuel D., 1154 Montgomery 
Dr., Santa Rosa, Calif, 

Albaugh, Clarence H., 727 W. 7th 
St.. Los Angeles 14, Calif. 

Alberstadt, Norbert F., 1106 G. 
Daniel Baldwin Bidg., Erie, Pa. 

Alexander, Robert L., Cleveland 
Clinic, Cleveland 6, Ohio. 

Alfano, Joseph E.. 122 S. Michigan 
Ave., Chicago, Ill. 

Allien, Henry F., 200 Beacon St., 
Boston 16, Mass. 

Allien, James H., 1430 Tulane Ave., 
New Orleans 12, La. 

Allen, Lee, Univ. Hosp., Iowa City, 


lowa. 
Allen, Merrill J., Div. Optometry, 
Ind. Univ., Bloomington, Ind. 
Allen, Robert T., Ind. Univ. Med. 
Center, Indianapolis, Ind. 

Allen, Thomas D., 2329 Pioneer Rd., 
Evanston, 

Alliband, George T., 1020 Med. Arts 
Bidg., Omaha, Neb. 

Alvaro, Moacyr E., 1151 Rua Con- 
solacoa, Sia Paulo, Brazil. 

Alvis, Edmund B., 308 N. 6th St., 
St. Louis 1, Mo. 


ham, N.C. 
Anderson, Edwin R.. 514 W. 
Ave., Warren, Pa. 


Appelbaum, Alfred, 5905 Pacific 
Bivd., Huntington Park, Calif. 
Apter, Julia T., 1902 Indianapolis 

Bivd., Whiting, Ind. 
Armstrong, Richard C., 595 E. Col- 
orado St., Pasadena 1, Calif. 
Arnott, George P., Univ. Hosp., lowa 
City, lowa. 

Ascher, Charlies K. W., 2914 Ver- 
non PL, Cincinnati 19, Ohio. 
Askovitz, Samuel I., Ophth. Research 
Lab., Albert Einstein Med. Center, 
Nerthern Div., York and Tabor 

Rds., Philadelphia 41, Pa. 
Atkinson, George 5S., 307 Ist Ave., 


Atkinson, Walter 5S., 129 Clinton 
St., Watertown, N.Y. 

Auten, Hanford L., Hitcheock Clinic, 
Hanover, N.H. 

Arribas, Neva P., Dept. Ophth., 
Ind. Univ. Med. Center, Indian. 
apolis, Ind. 


B 
Bahn, Charlies A., 1210 Maison 
Blanche Bidg., New Orleans, La. 
Bahn, Gustav C., 932 Maison Blanche 
Bidg.. New Orleans, La. 
Baird, J. Mason, 235 Strickler Bidg., 


MEMBERS 


1293 Peachtree St., N.E., Atlanta 
5, Ga. 

Baisinger, W. F.. 2010 17th St., 
Bakersfield, Calif. 

Balazs, Endre A., 30 Chambers St., 

on, Mass. 

Balding, Laurence G., 101 S. Madi 
son, Pasadena 1, Calif. 

Ball, William L.. 514 W. 3rd Ave., 
Warren, Pa. 

Ballintine, Elmer J., 10515 Carnegie 
Ave., Rm. 224, Cleveland 6, Obie. 

Barber, Acleta N., 1542 Tulane Ave., 
New Orleans, La. 

Barkan, Hans, 2400 Clay St., San 
Francisco 15, Calif. 

Barkan, Otto, 490 Post St. San 
Franciseo 2, Calif. 

Barnett, Irving F., 30 N. Michigan 
Ave., Chicago 2, Til. 

Barrere, Luciano E., Acisclo Vil- 
laran 356, Lima, Peru. 

Bartlett, Robert E.. Wadeworth V.A. 
Hosp., Los Angeles, Calif. 

Bassen, Edward J].. 70 E. 66th 
St.. New York, N.Y, 

Battles, Morris L.. 370 EF. Town 
St., Columbus, Ohio. 
Becker, Bernard, 640 8S. Kingshigh 
way Bivd., St. Louis 10, Ma. 
Bedell, Arthur J., 344 State St., 
Albany, N.Y. 

Beetham, Wm. P., 108 Bay State 
Rd., Boston, Masa. 

Bell, Dudley P., 411 30th St., Oak. 
land, Calif. 

Bell, Richard P., Jr., 11621 Detroit 
Ave., Cleveland 2, Ohio. 

Bellows, John G.. 30 N. Michigan 
Bivd., Chieago 2, Il. 

Benedict, Walter H., Shelbourne 
Towers, Knoxville, Tenn. 

Benedict, Wm. L., Mayo Clinic, 
Rochester, Minn. 

Bennett, Arthur L., 147 Linwood 
Ave., Buffalo, N.Y. 

Benson, Clifton E., 245 4th St. 
Bidg., Bremerton, Wash. 

Benton, Curtis D., Jr., 15 S.E. 16th 
St., Ft. Lauderdale, Fila. 

Berens, Conrad, 708 Park Ave., New 
York, N.Y. 

Bergmann, Robert B., 1225 FE. Mon- 
tauk Hwy, West Islip, N.Y. 

Berry, A. Erwin, 1866 Teaneck Rd., 
Teaneck, 

Bettman, Jerome W., 2400 Clay St., 
San Francisco 15, Calif. 

Billings, Robert J., Jenkins Arcade 
Bidg., Pittsburgh 22, Pa. 

Bizzell, James W., Borden Bidg., 
Goldsbere, N.C. 
Blake, Eugene M.. 303 Whitney 
Ave., New Haven 11, Conn. 
Blankstein, Samuel S., 208 Wis 
consin Ave., Milwaukee, Wis. 
Blazar, Howard A., Hosp. Univ. of 
Pa., Philadelphia, Pa. 

Biedi, Frederick C., Univ. Hosp, 
lowa City, lowa. 

Bloomberg, Louis, 508 Home Savings 
& Loan Bidg., Youngstown 3, Ohio. 

Bloomenthal, Sanford R., 915 
State St., Sharon, Pa. 

Bloomfield, Sylvan, 1010 Sth Ave., 
New York 28, N.Y. 

Blum, John, 44, Boulevard des 
Tranchees, Geneva, Switzerland. 
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Boland, Wm. T., 378 W. Church St., 
Elmira, N.Y. 

Boles, W. M., 1206 Pere Marquette 
Bidg., New Orleans, La. 

Bonadia, Calogero, 1822 70th St., 
Brooklyn 4, NY. 

Bonner, Wm. R.. 3 W. White St, 
Summit Hill, Pa. 

Rorley, W. E., 655 Sutter, San 
Francisco 2, Calif. 

Boruchoff, Saul A., 118 E. 19th St, 
New York 3, N.Y. 

Bounds, George W., Ir., 136 Wind. 
sor Dr., Nashville, Tenn. 

Boyd, James L., 10 Edge Hill Rd., 
Glen Cowe, N.Y. 

Boyer, Harvey K., Dept. Ophth., 
Univ. Calif. Med. Center, San 
Francisco, Calif. 

Boyes, Truman L., 654 Madison 
Ave., New York, N.Y. 

Braley, Alson E., Univ. Hosp., lowa 
City, lowa. 

Brandenburg, K. C., 110 Pine Ave., 
Long Beach 2, Calif. 

Brandwan, Samuel R., 804 Rose 
Bidg., Cleveland, Ohio. 

Brault, Jules, 418 E. Sherbrooke 5St., 
Montreal, Canada. 

Bray, Solomon 5575 N. Park 
Ave., Philadelphia 41, Pa. 

Breakey, Arnold S., Lenox Hill 
Hoap., New York, N.Y. 

Brecher, Gerhard A., Dept. Physiol. 
ony, Western Reserve Univ., Cleve 
land, (thio. 

Breinin, Goodwin M., 3 66th St, 
New York 21, N.Y. 

Brennan, James W., 88 W. Utica St, 
Buffalo, N.Y. 

Bribach, BE. 603 Commercial 5t., 
Atchison, Kan. 

Bristow, Walter J., 1718 Hampton 
St., Columbia, 5§.C. 

Bronk, Henry N., 708 Park Ave., 
New York 21, N.Y. 

Brown, Albert L., 1137-38 Carew 
Tower, Cimeinnati 2, Ohio. 

Brown, David V. L., Sch. Aviation 
Medicine, Randolph Field, Tex. 

Browning, Carroll W., 101 N. Zangs 
Bivd., Dallas, Tex. 

Browning, Charles W., 919 Taylor 
St. Bidg., Portland, Ure. 

Bruner, Abram B., 1214 Guardian 
Bidg., Cleveland, Ohio, 

Bryan, James H., 3720 Washington 
Bivd., St. Lowis 8, Mo. 

Buckhaults, W. W., 103 E. Jones 
St., Savannah, (a. 

Buckheit, Rudolph G., 1920 Seneca 
St., Buffalo 20, N.Y. 

Buckley, Eugene T., 151 Fulton Ave., 
Hempstead, L.I., N.Y. 

Bud, Francis X., 4240 W. 58th St, 
Cleveland, Ohio. 

Buesseler, John A., 110 EB. Main 
St., Madison 3, Wis. 

Burch, Edward P., 424 Hamm Bidg., 
St. Paul, Minn. 

Burdin, John J., 105 Seville Bivd., 
Lafayette, La. 

Burian, Hermann M., Dept. Ophth., 
Univ. Hosp., lowa City, lowa. 
Burke, John W., 2000 Massachusetts 
Ave., N.W., Washington 6, D.C. 
Burnett, Arthur B., 310 Burr Bidg., 

New Castle, Ind. 


Ames, Adelbert, Ir.. Dartmouth Col 
lege, Hanover, 
Anderson, Banks, Duke Dur 
Anderson, Thomas W.. 1110 Harvard 
Ave., Seattle 22, Wash 
Oskaloosa, lowa 
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Burr, Sherwood P., Jr, 43 
Jackson St., Tucson, Ariz. 

Busecy, Frank R.. 375 Main, 
Bay Shore, N.Y. 

Butler, J. B. »~ 919 Taylor St. 
Bidg., Portland, Ore. 

Buxeda, Roberto, 303 De Diego Ave., 
Santurce, Puerto Rico. 

Byrnes, Victor A., Sch. Aviation 
Medicine, Randolph Field, Tex. 


Phinizy, 478 Veachtree 


PF. Phinizy, Jr., 478 Peach. 
tree St., Atlanta 3, Ga. 

Calkins, Larry L., 211 Huron Bidg., 
Kaneas City 1, Kan. 

Callahan, Alston, Univ. of Ala. Med. 
Birmingham, Ala. 

Campion, George S., 490 Post St., 
San Francisco 2, Calif. 

Carrasquillo, Honorio F., Med. Arts 
Bidg., Puerto de Tierra, Puerto 

Frank D., Blind Brook 
Lodge, Rye, N.Y. 

Carter, George Z., 545 W. Iilith 
St., Apt. 9F, New York 25, N.Y. 

Cassady, J. Vernal, 921 Lincoln 
Way, E., South Bend, Ind. 

Casten, Virgil G., 412 Beacon St., 
Boston 15, Mass. 

Castroviejo, Ramon, 9 FE. Dist St., 
New York, N.Y. 

Caylor, Robert N., Med. Arts Bidg., 
Fl Paso, Tex. 

Chalfant, W. Paxson, Jr., 1228 16th 
St., N.W., Washington 6, D.C, 
Chamberlain, Webb 1324 
Hanna Bidg., Cleveland 2, Obie. 
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